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1.0 INTRODUCTION

“We may conclude then that in every respect the valley rules the stream.  Its rock deter-

mines the availability of ions, its soil, its clay, even its slope.  The soil and climate

determine the vegetation, and the vegetation rules the supply of organic matter.  The

organic matter reacts with the soil to control the release of ions, and the ions, particu-

larly nitrate and phosphate, control the decay of the litter, and hence lie right at the root

of the food cycle.” (Hynes, 1975)

River corridors and their watersheds are integrally linked, as embodied in the above statement by H.B.

Hynes, “the father of running water ecology.”  Furthermore, the interrelated physical, chemical, and biologi-

cal components of aquatic ecosystems are a function of their valley position and watershed condition.

Rivers transport water and sediment in a dynamic equilibrium (Lane, 1955) from erosional headwaters,

through mid-order transfer zones, to downstream locations where sediment is deposited.  The understanding

of the most likely states in river patterns and processes via the study of fluvial geomorphology has led to a

multitude of ways to measure and classify channels.  This discipline is rapidly expanding as researchers and

practitioners look to further understand a river’s most probable state and use this information to more

effectively manage flowing waters at appropriate spatial and temporal scales.

The management of river systems has deep historic roots due to persistent human use of this resource for a

variety of services such as transportation, food, water, mechanical energy, and waste disposal.  These

valuable benefits provided by flowing waters brought humans to live very close to the banks of rivers, and

thus caused conflicts between humans and natural forces in river corridors and their extended floodplains.

Early ad hoc management of river channels led to more regimented efforts of actions that seemed to always

work against natural river processes.  The end result is frequently mismanagement cycles where common

changes to river corridors actually exacerbate the exact problem that was trying to be avoided.  Needless to

say, this has led to costly, long-term commitments to managing rivers in addition to increased risk to human

investments.  In the northeast United States, historic changes to river corridors and watersheds have dis-
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rupted natural form and processes and often lead to increased channel instability, reduced water quality, and

the impairment of aquatic habitat.

The growing movement of managing and restoring rivers to return as much natural processes as allowable

with the current watershed condition seems an appropriate next step to end centuries of degraded river

systems.  It is imperative that one understands the expected biophysical state of the river based on valley

characteristics, so that restoration implementation can incorporate holistic thinking regarding altered current

watershed and river corridor state and processes.  Only then can projects have a high chance for success,

which often includes the over-arching goals of both protecting human investments in river corridors and

maintaining healthy aquatic habitat.  Project goals such as self-sustaining resiliency, the ability to monitor

improvements, improvements spanning the various components of the aquatic ecosystem, and the maximiza-

tion of the allowable natural processes will help design and application.  These concepts are an important

addition to the traditional engineering-based toolbox of the river restoration practitioner.  As river restoration

project planning has evolved, so to have the principals of design.  The river restoration community seems to

be at a critical crossroads where engineers, fluvial geomorphologists, aquatic biologists, and others are

coming together to try and move towards standard design methodologies and monitoring protocols.  Differ-

ences between virtually every project site inevitably eliminate a one-size-fits-all design template, yet stan-

dardization of the design protocols based on problem identification, river type, corridor condition, water-

shed scenario, and primary project objectives will help move the practice of river restoration forward,

closer to a truly natural process approach.

This document constitutes a white paper prepared for the New Hampshire Department of Environmental

Services (DES) summarizing findings from a literature review on topics related to natural channel design and

streambank stabilization, with an emphasis on fluvial geomorphology.  Chapter 2.0 is a review of natural

river processes and the basic principals of fluvial geomorphology.  Chapter 3.0 is a discussion of the alter-

ation of river corridors and watersheds and how river form and process are affected.  Chapter 4.0 contains

an overview of planning and implementing natural channel design and streambank stabilization projects.

Chapter 5.0 contains additional information that is useful for understanding natural river processes and

restoration in the climatic and geophysical setting in the State of New Hampshire.  Although a comprehen-

sive review of each and every aspect of these topics is beyond the scope of this document, the white paper

presented here offers an overview of topics important to the restoration of rivers.  During the literature
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review we selected what we believe to be the most important references that either originally establish a

topic, offer general concept descriptions, present advanced technical theory, are useful for application, and

present recent significant research.  The documents in this library (Appendix A) afford the reader the finer

details to build on the central concepts presented here.  In addition, we present an annotated bibliography of

existing manuals covering natural channel design, streambank stabilization, general river restoration technical

information, roadways and river corridors, monitoring, and qualitative reports and policy papers pertaining

to river restoration (Appendix B).  The compelling aspects of the many existing manuals that are regularly

used in modern river restoration work will be drawn upon as we move forward towards establishing a

guidelines document for streambank stabilization and natural channel design for the State of New Hamp-

shire.
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2.0 NATURAL RIVER FORM AND PROCESSES

“It is the purpose of this discussion to demonstrate the importance of both time and

space to the study of geomorphic systems.” (Schumm and Lichty, 1965)

2.1 Introduction

In reviewing river restoration literature and existing design aids, there is a common reoccurring theme of

improving physical natural form and processes of a river.  Form, or shape, of a river channel can be mea-

sured using a suite of geomorphic variables in the lateral, longitudinal, and vertical directions relative to the

flow of water.  Process, the functions a river performs, is more difficult to observe and measure yet may be

investigated based on known patterns and empirical relationships garnered from many observations in a

variety of river systems.  In this chapter, we review some basic concepts of fluvial geomorphology that are

essential to proper planning, design, and implementation of river restoration projects – scale, dynamic

equilibrium, common variables, channel classification, and channel evolution.  The physical components of a

river are integrated with the chemical and biological aspects of aquatic ecosystems, and together determine

the quality of habitat.  Finally, human dimensions often play a central role in virtually all aspects of river

restoration projects.

2.2 Spatial and Temporal Scales

2.2.1 Spatial Scales

The features of a river system have been described in a spatial hierarchy (Frissell et al., 1986) ranging from

a watershed down to a particle on the streambed (Figure 2.1).  At the largest scale, watersheds integrate all

surface water in an area and transport that runoff to an outlet via a network of channels that sit in valleys.

Channels are frequently described in homogenous longitudinal segments called reaches.  Large watersheds

are typically referred to as basins whereas small watersheds are frequently called catchments.  Within
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watersheds, valleys make up the largest geophysical features and consist of walls and floors.  The floors of

valleys contain the river channel and its floodplain when present – collectively termed the river corridor.  It is

in the valley bottoms that fluvial processes take place.  Within the channel, geomorphic features such as a

riffle or pool identify smaller units indicative of local hydraulics and instream habitat.  Decreasing spatial

scale further, individual particles such as boulders and cobbles are the important habitat components.  Due

to the fact that natural river processes take place across each of these lateral, longitudinal, and vertical

spatial scales, river restoration should be conducted with consideration of the hierarchies of spatial scale.

Such holistic planning and design will generate the best projects that incorporate the appropriate scales of

degradation and restorative actions.  “Researchers often answer questions that are relevant over small

spatial and short temporal scales, but these may be only weakly linked to the problems at larger spatial and

longer temporal scales that managers must address” (Fausch et al., 2002).

The spatial extent of river-landscape interactions may extend beyond the watershed divide and to the

boundary of the contributing groundwater aquifer in some systems.  Recharge is an important process in

maintaining adequate baseflow and cool temperatures during low-flow periods in temperate regions.  The

exchange of groundwater to rivers via upwelling (i.e., hyporheic exchange) has been shown to be an impor-

tant habitat feature for fish and macroinvertebrates (Boulton et al., 1998).  River restoration activities may

thus need to consider processes that originate outside the project watershed.

Figure 2.1:  The spatial scales of stream features in a watershed framework (Source:  Frissell et al., 1986).
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2.2.2 Temporal Scales

Due to the dynamic nature of flowing waters, the characterization and restoration of river systems is only

complete upon inclusion of temporal scales (White and Walker, 1997).  From pulses of water or sediment

moving down a river that can vary on the order of minutes, to the rise and fall of discharge associated with a

single storm event that fluctuate in hours or days, all the way to inter-annual flow variability due to climate

differences, channels are shaped by their temporal character.  The flow discharge, or rate at which a unit

volume of water moves past a location in a unit time, is the master variable in rivers influencing every aspect

of the aquatic ecosystem.  As spelled out by the continuity equation (Q = V * A), an increase in discharge

(Q) is typically accompanied by an increase in water velocity (V) and wetted cross-sectional area (A).

However, the influence of discharge across the aquatic ecosystem extends beyond a change in wetted area.

Sediment transport rates, nutrient loads, hydraulic patterns, and area of useable aquatic habitat exemplify

variables that are all largely a function of flow.  Effective restoration needs to consider the full range of flow

and associated temporal dynamics at a project site, reach, and watershed.

2.2.3 Dynamic Equilibrium

A river moves water, sediment, and debris from uplands to lowlands.  As part of the hydrologic cycle,

flowing waters constitute the transport of freshwater runoff back to the ocean.  With this runoff comes the

movement and shaping of inorganic particles from terrestrial environments to the coastal ocean.  Through

this process, river valleys are maintained.  Early canal engineers (Lacey, 1930) identified the regime concept

where channels are in equilibrium without long-term scour or deposition.  Lane (1955) expanded upon this

theory of dynamic equilibrium between water and sediment in river channels where the product of discharge

and channel slope is proportional to the product of sediment discharge and the median particle size (Figure

2.2).  This relationship has emerged as a fundamental tool for investigating channel stability, and physical

impairments observed in the field can frequently be traced back to deviations in the dynamic equilibrium

between water and sediment.
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2.3 Fluvial Geomorphology

The study of river form and process, fluvial geomorphology, has recently joined the disciplines of hydraulic

engineering and aquatic biology as the main components of river assessment and restoration.  Fluvial geo-

morphology is an off-shoot of geology focused on erosional landscapes (e.g., Davis, 1899; Horton, 1945),

and is mostly field observation and measurement to identify, classify, and re-construct common patterns

having desirable characteristics.  Just as an engineering river restoration design guide manual contains

theoretical equations and modeling approaches (e.g., Richardson et al., 2001), a geomorphology guide has

photos of river types and empirical relationships of commonly measured variables (e.g., Rosgen and Silvey,

1996).

2.3.1 Geomorphic Variables

Geomorphic variables are used to characterize virtually every aspect of a channel (see Harrelson et al.,

1994).  Perpendicular to the direction of flow (Figure 2.3a), cross-sectional area, width to depth ratio,

entrenchment ratio (i.e., width of the flood-prone area divided by the channel width), meander belt width,

and valley width define the lateral characteristics from channel to valley wall.  Along the direction of flow

(Figure 2.3b), channel slope, sinuosity, meander wavelength, riffle spacing, and planform pattern exemplify

Figure 2.2:  The dynamic equilibrium between sediment and water in
stream channels (Source:  Lane, 1955; Rosgen and Silvey, 1996).
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Figure 2.3:  (A) A schematic of the measurement of bankfull width, bankfull depth, and flood-prone area at a stream
channel cross-section to calculate entrenchment ratio.  (B) A schematic of the measurement of stream length and valley
length from a plan view of a stream reach to calculate channel sinuosity (Source:  Rosgen and Silvey, 1998).

(A)

(B)
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characteristics measured longitudinally along the river corridor.  A description of sediment size, often in terms

of median grain size (d50), is typically included in geomorphic descriptions by either sieving fine material or

performing a Wolman (1954) pebble count in the channel (Bunte and Abt, 2001) to explore the current

sediment regime.  In addition, flow velocity and instantaneous discharge are measured to get a snapshot of

flow conditions, and possibly link to a nearby gauge.

Modern “hydraulic geometry relationships (HGR’s)” are a simplified form of the regime equations devel-

oped in India and Pakistan for design of canals in equilibrium (Lacey, 1930), where neither net erosion nor

deposition occurs over long periods of time.  These power relationships are useful for approximating width,

depth, and velocity at a given location in a river with known discharge or drainage area.  Simons and

Albertson (1960) presented regime equations for the United States that remain in use today where more

local data is absent.  Early HGR’s (Leopold and Maddock, 1953) were created for channels within a single

watershed; however, data for multiple rivers were eventually plotted together to form the first regionalized

version of HGR’s (i.e., regional curves).  Regional curves have also been stratified by geomorphic river type

and streambed sediment size (Rosgen and Silvey, 1996).  Several states in the northeast U.S. have existing

HGR’s that are used for river restoration design (e.g., Appendix J, VTANR, 2004).  The State of New

Hampshire presently has provisional regional curves that are under development (Figure 2.4).  Although

widely used as design guides, recent research cautions against sole reliance on regional curves for river

restoration.  For example, the power relationship for width is influenced by the streambank material and

vegetation type (Anderson et al., 2004).  Wohl et al. (2004) showed that hydraulic geometry in mountain

rivers was most strongly related to channel slope, not discharge.  Caution is required when applying HGR’s

to disturbed streams, where most restoration design takes place, as the original HGR construct by Leopold

and Maddock was for natural rivers (1953).

2.3.2 Dominant Discharge

Dominant discharge theory suggests that there is one flow that is most responsible for creating a channel’s

morphology, and that a channel that is designed using this dominant discharge should maintain itself in a

stable form in dynamic equilibrium (FISRWG, 1998).  The dominant discharge is used as a surrogate to

describe the flow that transports the most sediment over the long term (i.e., the effective discharge), since

the latter requires a lot of equipment and time for measurement in the field.  Wolman and Miller (1960)
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showed that the dimension and shape of a meandering channel are more closely linked to small, frequent

storms occurring every 1.5 (Q1.5) years rather than to more rare larger flows.  In addition, Q1.5 was found to

be equal to the bankfull flow (Qbf) for many rivers (Wolman and Miller, 1960).  This finding presumably

further simplified the use of dominant discharge theory for design purposes as now a field indicator could be

used to identify the channel forming discharge where sediment transport and hydrologic data are absent.  It

turns out that the use of Q1.5 and Qbf are at the center of the debate as to whether a single discharge is

adequate for river restoration design.  Proponents of single design flow methods (e.g., Rosgen and Silvey,

1996; Watson et al., 1999) have offered a practical means of designing river channels; however, the validity

of dominant discharge based design has been challenged by many.  For example, Williams (1978) and Nash

(1994) showed that the recurrence interval of Qbf varied widely for many rivers, and was not just simply

Q1.5.  Variation in effective discharge measurements has recently raise the question of whether dominant

discharge theory is valid for design purposes (Crowder and Knapp, 2005).  Dominant discharge is a good

tool for beginning the design phase of river restoration; however, a more comprehensive approach would be

to model the full range of flows that might be encountered at a project site to explore habitat and stability.

The additional time for and cost of investigating a full range of flows relative to current popular practices is a

worthy investment given the central role discharge plays in shaping the aquatic ecosystem.

2.3.3 Channel Classification

A sub-set of measured geomorphic variables is frequently used to classify a river.  There are many river

channel classification schemes (see review by Niezgoda and Johnson, 2005).  One of the earliest channel

classification schemes was based on the watershed position of a river channel in the drainage network

where headwater streams are called 1st order and the order increases when two like order streams con-

verge (Strahler, 1952).  Schumm (1977) also used watershed position to label streams by their role in

sediment transport where headwaters are sources of material via erosion, mid-order streams mostly trans-

port sediment, and large rivers are depositional zones (Figure 2.5).

Rivers are also fundamentally classified as alluvial or non-alluvial, which is indicative of the primary channel

formation process and shape.  Alluvial channels are self-formed in sediments deposited by the river under its

present hydrologic regime.  An alluvial river is capable of readjusting to its sediment load and thus the

channels width, depth, and slope are directly related to the river’s modern flow rate and sediment load.
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Alluvial rivers are typically characterized by larger meandering channels with significant areas of deposition

that are situated in broad, low-gradient valleys.  Non-alluvial channels tend to be relatively small, straight,

and steep, and mostly export sediment from source areas in confined valleys in the upper watershed

(Brierley and Fryirs, 2005).  A threshold channel has stable bed substrate under normal flow conditions that

acts like a fixed boundary with little bed material transport; however, bed material transport is initiated

during high flood flows at a threshold velocity above which the channel has an active bed.  Threshold

channels can be found in both alluvial and

non-alluvial rivers.

Rivers can also be classified based on

channel planform pattern (Leopold and

Wolman, 1957).  Montgomery and

Buffington (1993; 1997) classified river

channels based on both channel process

(hillslope and valley evolution type) and

form (profile form versus slope) (Figure

2.6).  More recently, Dave Rosgen and

Lee Silvey (1996) popularized channel

Figure 2.6:  Montgomery and Buffington channel
classification system primarily based on longitudinal
watershed position (Source:  Montgomery and Buffington,
1997).

Figure 2.5:  Longitudinal zones of a river corridor (Source:  Schumm, 1977; FISRWG, 1998).
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classification and the fluvial geomorphology approach to river restoration via their system based on en-

trenchment ratio, width to depth ratio, channel sinuosity, longitudinal channel slope, and dominant substrate

size (Figure 2.7).  The principals of fluvial geomorphology and channel classification are valuable to the

planning and design of river restoration projects as they are important complements to other integral design

methods such as engineering modeling and empirical hydraulic geometry relationships.

2.3.4 Channel Evolution

A critical piece of information to river management is the current and predicted future stage of channel

evolution.  This information helps answer questions related to the future stability of a channel, while consid-

ering the natural sequence of reach formation and impacts due to human disturbance (Brierley and Fryirs,

2005).  For example, based on the stage of evolution it may be possible to know if a channel is expected to

rapidly cut down (i.e., degrade or incise), build up (i.e., aggrade), or remain vertically stable.  Channel

Figure 2.7:  Rosgen channel classification system based on slope, sinuosity, width to depth ratio,
entrenchment ratio, and dominant bed material (Source:  Rosgen, 1994; Source:  Rosgen and Silvey, 1996).
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evolution also assists in understanding anticipated lateral adjustment processes such as bank erosion and/or

deposition for floodplain creation.  Schumm et al.(1984) created a channel evolution model to view the

various stages a river goes through as it evolves in the landscape from stable channel, to degrading and

eroding, to re-establishment of a new equilibrium at a lower elevation.  This model has been adjusted for

incised channels to offer a model of the evolutionary track in the commonly encountered degraded river

(Simon, 1989) (Figure 2.8).  Channel evolution stage is a critical piece of information when planning and

designing a river restoration project and can help identify the sensitivity to system changes in the project area

to increase the odds of a successful project.  Evolution adds a long-term scale to the temporal aspects of

river restoration design.

Figure 2.8:  A schematic of the Simon incised channel evolution model (Source:
Simon, 1989; FISRWG, 1998).
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2.4 Integration of Physical, Chemical and Biological Processes

There has been a recent trend in the river restoration literature towards integrating the physical aspects of

river systems (i.e., fluvial geomorphology, hydrology, and hydraulics) and biological assemblages; however,

such work is still making its way into application.  The union of these two components of the aquatic eco-

system is most apparent when investigating the quality of physical habitat available for organisms to carry out

life cycle functions, and thus several means of qualitatively assessing habitat are widely used (e.g., Barbour

et al., 1999; OhioEPA, 2001).  More work is needed in this area to expand rapid assessment methods to

incorporate a variety of river forms and the dynamic state of river processes.  In addition to the link between

physical and biological components of the aquatic ecosystem, water chemistry also plays an important role

Figure 2.9:  The multiple disciplines necessary for effective stream management (Source:  MacBroom, 1998).
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in determining the quality of existing habitat (Figure 2.9).  Both the ionic background signals that are a

function of the weathering of rock throughout a watershed and the superimposed chemical signal of runoff

events together determine the physiochemical nature of a river.  Parameters such as water temperature, pH,

conductivity, dissolved oxygen, and turbidity are important water quality and habitat factors.  Finally, the

human dimensions of river management and restoration have emerged as a critical component of river

restoration.  Long-term stewardship and project success are often a function of the involvement of water-

shed partners during the monitoring, planning, design, and implementation phases of a project.

2.5 Conclusion

The short review of the central principals of fluvial geomorphology and related concepts presented here are

important for understanding deviations from natural form and process and for river restoration.  For more

detailed information, the reader is referred to the library of key literature assembled during this review

(Appendix A) and the annotated bibliography on river restoration manuals (Appendix B).  The knowledge

of the physical nature of a river is useful for planning and designing restoration, and is best used in conjunc-

tion with other existing tools such as engineering modeling and empirical-based design.  The growing field of

fluvial geomorphology has mobilized and popularized the river restoration movement, and will continue to

play an important role in the restoration of rivers as methodologies advance.
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3.0 THREATS TO NATURAL RIVER FORM AND PROCESS

“Against this backdrop of demographic, consumptive, and climatic pressures, rivers

and the panoply of life they sustain would seem doomed.  However, disastrous loss of

freshwater biodiversity is not yet a foregone conclusion.  Homo sapiens is among the

life-forms that rivers sustain.  At some point, the compulsion to save ourselves, as a

species, will trigger an impulse to save the aquatic ecosystems that life depends upon.”

(Postal and Richter, 2003)

3.1 Introduction

Native Americans and early European settlers used rivers for transportation, water, food, and waste export.

As the population of the United States expanded, river water became more of a commodity for irrigation

and small dams were built for using flowing water to generate mechanical power to operate mills.  Railroad

easements were placed in river corridors for the transportation of commodities and travel.  As industrial

activities were developed, water from rivers was used in manufacturing and processing applications.  The

rail network expanded and roadways were also placed in river corridors.  The creation of hydroelectric

power generation led to the emergence of tall dams along many large rivers.  Today, we are left with a

legacy of river use and abuse that has established controlling infrastructure, mismanagement cycles, and

antiquated societal practices that collectively allow humans to live in very close proximity to small streams

and large rivers often disrupting natural channel form and process.  Beyond actions in the river corridor,

changes to watershed land cover and increasing storm frequencies due to climate change add to the chal-

lenges of managing inherent conflicts within the river corridor.  Until society makes a decision to live in

harmony with natural river processes, water resource management will continue to be a costly, dangerous,

and ultimately loosing endeavor.
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3.2 Channel Alterations

At the root of the conflicts between human investments in the river corridor and natural river process is the

alteration of the balance between water and sediment (Lane, 1955; OMNR, 2001).  Increased flows of

sediment starved water often found in historically degraded channels can result in continued incision, where

the channel cuts down vertically and is disconnected from its floodplain.  This essentially eliminates the

primary mechanism of natural flood attenuation and leads to increased flow velocities and erosion in the river

channel.  On the other hand, increased sediment and reduced flows leads to aggradation causing the alter-

ation of natural flow paths and possibly channel avulsion – rapid channel relocation.  Both scenarios pose

threats to human investments in the river corridor and illustrate a channel out of dynamic equilibrium (Figure

3.1).  Human impacts to the river corridor frequently reduce or eliminate fish passage, degrade riparian

Figure 3.1:  Schematics illustrating the disruption of the balance
between water and sediment leading to aggradation or erosion
(Source:  Lane, 1955; OMNR, 2001).
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habitat, and impair instream habitat.  As they work to correct these problems and improve overall habitat,

river restoration projects should always work towards achieving natural form and processes that will

ultimately result in a self-sustaining system capable of producing necessary ecosystem services for both

aquatic organisms and humans alike.

3.2.1 Straightening

Channel straightening has been used historically to facilitate the transportation of timber (Nilsson et al.,

2005), to reduce flooding, and to allow for building infrastructure in the river corridor such as transportation

easements.  Straightening increases channel slope (channel rise / channel length) and decreases sinuosity

(channel length / valley length) via a decrease in channel length by elimination of meanders.  The resulting

increased energy in the river channel can lead to accelerated deposition of eroded bank material for coarse-

grained systems and to channel incision for fine-grained systems (Simon, 1992).  Locations downstream of

straightened reaches typically are more prone to flooding within the river corridor due to deposited sedi-

ments decreasing flow area.  This scenario leads to costly, and often futile, management efforts to safeguard

existing human investments.  Channel straightening usually results in degraded instream habitat, where

substrate and hydraulic diversity is homogenized and the channel’s ability to retain organic matter is de-

creased.  Historic channel straightening complicates natural process restoration given that the river channel

wants to take on a different form within its valley.

3.2.2 Smoothing

Channel smoothing (Figure 3.2) is another method of managing flood

risks in a given location in the river corridor that has negative impacts to

instream habitat.  Manning’s equation V = (1.49/N)(R)2/3(S)1/2 indicates

that water velocity increases as the roughness coefficient (N) is reduced

by clearing vegetation and other types of roughness from a channel.

Although it is common knowledge that instream roughness and riparian

vegetation are important to channel stability (Wallerstein and Thorne,

2004) and biological integrity in the river corridor and channel (Cummins

et al., 1989; Gregory et al., 1991), smoothing is still practiced today to

Figure 3.2:  Channel
smoothing via removal of bank
vegetation in 2001 in the West
River in New Haven County,
CT (Source:  R. Schiff).
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limit flooding to developed areas located in historic floodplains.  Although channel smoothing can reduce

flooding locally, water is simply rapidly shunted downstream allowing the erosive force to alter channel

morphology.  If enough smoothing takes place, new flooding hazards can be inadvertently created.

Smoothing is also done in the riparian areas adjacent to the river channel, which degrades floodplain and

near-bank habitat.

3.2.3 Armoring and Canalization

Unnatural armoring, and the extreme case of

canalization (Figure 3.3), is a common method for

attempting to fix a river channel in place where

infrastructure exists.  Stone riprap, gabions, and

cement walls are all traditional hard methods used

to reduce lateral channel movement.  Recall that

in dynamic equilibrium, some lateral channel

movement is expected.  Although there has

recently been a move towards using soft, deform-

able materials for bank stabilization, traditional

methods are still most common today, often

abruptly installed as a response to large flooding events (Eubanks and Meadows, 2002; Cramer et al.,

2003).  Like channel smoothing, bank armoring is usually a short-term solution to erosion problems, which

ultimately alters channel morphology, changes sediment transport characteristics, and reduces the quality of

instream and near-bank habitat (Fischenich, 2003).  Canalization often reduces the number of pools,

generates embedded substrates, and leads to an overall homogenization of instream habitat.

Bernoulli’s equation for open channel flow (E = V2/2g + D) indicates that the river’s energy is a function of

its velocity (V) and water depth (D).  Erosion is one form of work that dissipates some of this energy;

however, stopping this process in one location via bank armoring simply reflects and transfers the energy

downstream to erode another location.  The appropriate context for this management problem is to address

the root causes of the increased energy (i.e., higher flow velocities and/or depths) in the river.  Locations

near streambanks are important instream habitat areas that are often degraded after application of bank

Figure 3.3:  Canalization and urban infrastructure such
as buildings and utilities in the river corridor in the West
River in New Haven County, CT (Source:  R. Schiff).
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armoring.  In addition, the land adjacent to the river channel is altered by bank armoring that often results in

reduction of critical habitat components such as overhanging vegetation, the lateral input of organic matter,

and undercut banks.

3.2.4 Gravel Mining

Gravel mining and dredging significantly alter the sediment load moving through a river channel (Kondolf et

al., 2001a).  Historic and on-going sediment removal is responsible for changes to system hydrology,

hydraulics, and morphology (James, 1999), and often results in the reduction of instream habitat quality due

to an unstable streambed.  Ironically, once an initial excavation takes place in an aggrading location, the

need for continued maintenance is quite common leading to a costly management scenario that usually

works against natural processes (VTDEC, 1999).  Again, this is a challenging cycle to break out of.  Such

localized sediment adjustments must be viewed on larger scales, so that the balance between water and

sediment throughout a watershed can be assessed and integrated in the goals of river restoration.

3.2.5 Dams

Dams have historically served many vital functions in society and continue to do so today.  However, their

mere existence alters the flow of water and sediment to the point that natural river form and process is an

unrealistic objective of restoration unless dam removal is considered.  Dams significantly reduce fish popula-

tions by blocking both migratory and resident species from historic spawning grounds.

Small dams alter flow, reduce sediment transport, increase downstream water temperatures due to solar

heating in the upstream impoundment (Lessard and Hayes, 2003), and serve as physical barriers to fish

migration.  The collective impact of the many small dams scattered across virtually every river system is

extensive.  The removal of small dams is becoming a popular restoration option given that many of the

structures are obsolete, safety hazards, and key sources of habitat impairment.

Large dams cause significant departures from a natural flow regime (Figure 3.4), often resulting in the

general homogenization of flow patterns (Richter et al., 1996).  For example, peaking hydroelectric opera-

tions create daily moderate flood pulses during generation that alter life cycle functions of aquatic organism.



Page 22

Furthermore, large dams can reduce the magni-

tude of spring flushing flows important for sedi-

ment transport and habitat regeneration.  Such

unnatural flow regimes alter channel morphology

and sediment regime (Assani and Petit, 2004),

reduce the overall quality of river habitat making a

river uninhabitable for some organisms, and

eliminate many of the natural services provided by

rivers (Postal and Richter, 2003).  Large dams

trap most of the sediment moving downstream,

and significant erosion is common on tailwater

reaches due to the release of sediment-starved

water from the upstream impoundment (Kondolf

and Swanson, 1993).  The physiochemical nature of the water below a dam is largely a function of the

location of the release, and can produce low dissolved oxygen levels for bottom releases and thermal

heating for surface releases.  Large dams block fish migration, and their individual influence on biological

populations is typically more far-reaching than small dams.  Fish passage alternatives for large dams have

limited effectiveness relative to those for small dams.  As a result, upstream access is not typically an option

unless human intervention in the form of hauling fish upstream or stocking is used.  Even if some reduced

upstream population is maintained, large dams limit the ability for juvenile anadromous fish to move down-

stream and migrate out of the freshwater system to the ocean.  The regular downstream movement (i.e.,

drift) of a substantial number of macroinvertebrates in a specific time period is an important means of habitat

colonization (Allan, 1995) that is disrupted by large dams.  During the river restoration planning phase, the

benefits and disadvantages of existing dams, both large and small, should be weighed and incorporated into

the system-wide view of natural form and processes, including the balance between flow and sediment.

3.2.6 Diversions and Discharges

Water diversions and discharges are common in most streams and rivers.  Low flows are the central issue

regarding water diversions, and such activities have important ramifications to the geomorphic nature and

biota of a river channel.  A reduction of flow alters the balance between water and sediment, and can lead to

Figure 3.4:  Hydrograph of altered flow regime associated
with the Hopkinton Dam flood control/hydro-electric
facility on the Contoocook River in Hopkinton, New
Hampshire  (Source:  U.S. Geological Survey, Water
Resources of New Hampshire and Vermont website, http://
nh.water.usgs.gov/).
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aggradation in the channel.  The combination of reduced flow and increased sediment on the streambed,

particularly during warmer parts of the year, impairs habitat – limiting the ability for fish, benthic

macroinvertebrates, and plants to live.  Discharges to rivers are frequently a water quality issue as return

flows from both point and non-point sources have different physiochemical characteristics than receiving

waters.  Nevertheless, discharges to streams also influence channel morphology by altering the water-

sediment balance.  All else being equal, increased flows mean more erosion and channels will tend to

degrade.  As with diversions, this often leads to localized habitat impairment.

3.2.7 Summary

Channel alterations disrupting natural river form and process are so widespread that it is difficult to find

healthy reference reaches to serve as templates for restoration.  The historic alteration of channels has left

many channels incised and disconnected from their former floodplains.  An incised channel is more unstable,

has reduced spatial habitat heterogeneity, and often contains shifts in biological community structure (Shields

et al., 1998).  Limited flood dissipation areas increase the instream power during flooding because incised

channels have limited mechanisms of energy reduction.  The result is often continued channel incision.  The

incision-flooding-incision cycle is difficult to stop given the many human investments typically located in the

river corridor, limiting options to reconnect a channel to its floodplain.  Local, state, and federal managers

are thus obligated to carry out costly activities and make substantial investments that are likely to fail be-

cause they oppose the river’s tendency towards a natural state of equilibrium.  Furthermore, these actions

collectively impair aquatic habitat and biological populations.  To emerge from this mismanagement cycle, all

phases of river restoration must take into account the state of natural channel form and process that are

allowed to take place throughout a watershed.  This will not only help guide methods used for future project

design, but also offer a more holistic view of where the project sits in relation to what is taking place in the

watershed context.
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3.3 Land Cover/Use Change

Channel impairment is also linked to land development in riparian areas and watersheds.  Here, develop-

ment refers to the conversion of naturally vegetated land cover for some human use.  Land use change

frequently takes place in close proximity to the channel as floodplains that have not been active for long

periods of time are developed for agriculture and residential uses.  The disconnect between historical

floodplain condition, the cost to protect existing and new human investments in the river corridor, and recent

river restoration goals is a key short-coming in many current permitting processes regarding activities in the

river corridor.  Land uses change also takes place away from river channels at higher elevations in water-

sheds.

3.3.1 River Corridor Development

The development in riparian areas, including floodplains, has contributed to the widespread destabilization

and impairment of river channels.  Additionally, this activity has set in motion a very costly management

scenario where human investments are repeatedly protected from the forces of the river.  It is in the river

corridor that the conflict between natural form and process and human investments takes place.

The removal of vegetation in the river corridor increases flooding and exacerbates the impairments associ-

ated with channel alterations outlined above.  Naturally vegetated buffers and extended floodplains reduce

peak flows by delaying portions of incident storm runoff that must travel through hydraulically rough areas.

The long, slow flow path also allows for sediment, nutrient, and pollutant removal.  Furthermore,

streambank stability generally increases with riparian vegetation due to hydrologic (i.e., interception and

evapotranspiration) and mechanical (i.e., soil compression increases with root tensile strength) effects

(Simon and Collison, 2002).  The amount of erosion in the river channel increases with larger peak flood

flows that result from the removal of natural vegetation.  The result is often streambank erosion and channel

degradation, and eventually the channel can no longer access its floodplain.  At this point, all of the energy

associated with runoff events is confined to the river channel and the threat to human investments dramati-

cally increases.  Riparian de-vegetation is a key contributing factor to altering river form and process and

entering difficult management scenarios.
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Existing infrastructure in the river corridor limits options and poses challenges to river restoration.  Utilities,

transportation networks, and structures create fixed (i.e., armored, canalized, or dredged) river management

points that can be costly or politically unacceptable to change or re-locate.  Such investments are important

constraints to consider for project prioritization.  For example, in some areas infrastructure deemed essential

must be protected while artificially fixing a channel in place, while in other areas ample space can be pro-

vided for channel movement so that natural form and process can be established.

3.3.2 Forestry Operations

The change of land use in a watershed influences rivers via alteration of flow and sediment regimes, degra-

dation of water quality, and impairment of local habitat.  Tree removal during forestry operations reduces

interception and evapotranspiration leading to an increase in storm runoff and peak flows (Lewis et al.,

2001).  Likewise, more sediment is typically mobilized due to forest road networks and heavy machinery,

reduction of canopy cover, and stump removal (Mount, 1984).  The changes to hydrology and morphology

are most significant on streams near where logging occurs; however, for large operations, or many small

ones in a given watershed, the changes to flow and sediment regime are evident in the down-gradient

mainstem river.  Water quality changes due to logging often include increased water temperature and turbid-

ity.  Mobilization of fine sediments smothers local habitat, limiting the biological potential for benthic organ-

isms and complicating life cycle functions for all biota.  Maintaining a harvest-free riparian buffer can help

limit some of the river impairments associated with timber harvesting.

The northeast U.S. was heavily logged approximately 100 years ago when settlers moved to the region and

cleared land for agriculture.  With a subsequent decline in farming, many fields were abandoned and have

undergone re-forestation over the past century, almost to the point that a similar amount of forest now exists

in northern New England as before settlers arrived to the region (NERAG, 2001).  The widespread exist-

ence of this re-forestation land cover pattern is evident by the presence of countless rock walls that wind

through most of New England’s forests and once served as farm borders (Bell, 1985).  This legacy land use

pattern, with which more recent land use changes are superimposed upon, has contributed to the form and

processes of modern-day rivers via watershed interactions.  Current river management in seemingly undis-

turbed watersheds is thus taking place in areas that are actually undergoing widespread forest regeneration.
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3.3.3 Agriculture

Agriculture leads to numerous impacts to rivers.  The widespread smoothing of land for crop production,

typically in floodplains, increases runoff and flood flows.  River channel morphology and sediment storage in

agricultural watersheds respond quickly to flood events due to the altered hydrology leading to increased

threats in the river corridor (Knox, 1977).  Given the frequent tilling and soil trampling, agricultural activities

generate a lot of sediment that are transported to streams during runoff and erosion.  Many streams near

farms are also subject to water withdrawals for irrigation during the growing season.  “The drainage net-

works of most tributaries are ‘homogenized’ in most intensively farmed regions” (Mount, 1984).  Beyond

the disruption of the channel morphology via altering the balance between water and sediment, reduced

water quality is typical near farms where increased sediment, nutrient, pesticide, and salt concentration are

common.  Maintaining a naturally vegetated riparian buffer, livestock fencing to keep streambanks intact,

rotational grazing, conservation tillage, and nutrient and waste management are a few of the tools available

to improve aquatic habitat in agricultural areas.  Such activities should be incorporated into river restoration

planning.

3.3.4 Urbanization

“Dense human settlements, commercial and industrial centers, and transportation corridors in urban areas

influence every attribute of stream ecosystems: the paths, timing, and volume of runoff that generates

streamflow; the supply and size of sediment and organic material delivered to stream channels; the thermal

and chemical characteristics of stream water; the structure, form, and materials of stream channels and

aquatic habitats; and the demographics of the biological populations forming stream and riparian communi-

ties” (Konrad, 2003).  Urbanization is the land use type that typically has the most negative impact on rivers

due to the significantly altered flow and sediment regime.  Impervious surface is at the root of the impacts

associated with urbanization altering flow, sediment, water quality, and instream habitat.  The urban drainage

network, consisting of hard surfaces, gutters, drains, pipes, and countless local surface water discharges,

short circuits the natural hydrologic cycle and rapidly moves water directly to urban channels (Figure 3.5).

The increased flows typically increase rates of erosion leading to incised and over-wide urban streams

(Trimble, 1997).  Sections of urban rivers are often canalized, armored, or even enclosed in a conduit to

protect the many human investments found in the river corridor, complicating the design of urban restoration
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projects (Niezgoda and Johnson, 2005).

Urban water quality is typically poor, and is

often similar in character to that of sewage.

Both industrial point sources of pollution and

nonpoint sources (Figure 3.6) broadly

distributed across an urban watershed

degrade water quality.  Impervious cover

and limited natural vegetation leave riparian,

near-bank, and local instream habitat poor.

In a recent study investigating the appropri-

ate scales of land use management, Schiff

and Benoit (in review) show that instream

habitat quality decreases with increasing

impervious cover in the local riparian buffer.

Water quality, on the other hand, is more

closely linked to regional buffer land cover.

Biological assemblages in urban rivers are

more homogenous than those in natural

settings.  The management challenges in urban

watersheds require adjusted river restoration

practices given the fragmented nature of the

river system and existing infrastructure.

Gregory and Chin (2002) suggest addressing

the condition, hazards, and restoration

potential of each unique segment while

maintaining an overall picture of the water-

shed, realizing that a variety of non-traditional classification and restoration approaches may be needed for

urban systems.

Figure 3.5:  The effects of impervious cover on the hydrologic cycle
(Source:  FISRWG, 1998).

Figure 3.6:  A schematic of the common origins of nonpoint
source pollution (Source:  Office of Long Island Sound).
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3.3.5 Summary

Natural land cover, forestry operations, agriculture, and urbanization exemplify increasing departure from

natural river form and process resulting in water quality and habitat impairment.  Ultimately, biological

diversity in river systems with developed watersheds declines as the intensity of development increases.

This has been shown numerous times as a function of the density of logging roads, percent agricultural land

use, and percent impervious cover.  The planning and design of river restoration should take into consider-

ation the prevailing watershed land use patterns to identify constraints and assist with project prioritization.

3.4 Climate Trends

Precipitation data from the National Climatic Data Center suggests an increase in the amount of precipitation

in the northeast U.S. over the past 100 years

(Figure 3.7).  The Historic

Climate Network database also shows a 3.7 %

increase in precipitation in New England in the

1900’s, with an apparent rise in frequency of

more intense storm events (NERAG, 2001).  The

increase in precipitation over the past century is

presumed to be linked to regional and global

climate change, and would thus likely continue in

the future.  The regional precipitation increase

could complicate the challenges associated with

river corridor management and restoration

programs.  Higher flows generally coincide with

wider channels, which will lead to additional conflicts in river corridors with increasing amounts of protected

infrastructure.  Furthermore, historical practices have left many river channels degraded and disconnected

from their floodplains, and larger runoff events due to increased storm magnitudes would only increase the

amount of energy confined within the channel.  This scenario could result in expanded threats to human

investments and aquatic habitat due to large erosion events (i.e., bank failures and channel avulsions) and

Figure 3.7:  Precipitation records for the Northeast United
States illustrating the increase in the amount of annual
precipitation over the past century (Source:  NOAA,
National Climate Data Center, Climate at a Glance website,
http://www.ncdc.noaa.gov/oa/climate/research/cag3/
cag3.html, accessed 12/2005).
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localized excessive deposition.  Long-term restoration planning should incorporate some consideration of

the potential for increased flows, and extended droughts, to properly assess possible future conditions in the

river corridor.

3.5 Conclusion

The legacy of alteration of river channels and watersheds is quite extensive, and river restoration attempts to

correct the resulting degraded habitat and return some level of natural channel form and process.  Practitio-

ners and managers must identify the appropriate spatial and temporal scales to provide a complete picture

of the sources of impairment, the best possible solution, and how to implement and monitor the selected

design.  With this level of knowledge, only then will comprehensive management plans be generated that

move future watershed, river corridor, and channel activities towards the over-arching goal of natural

channel form and process that lead to channels that are stable, self-sustaining, and capable of supporting a

diverse biota.
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4.0 RIVER RESTORATION –

CREATING CHANNELS AND STABILIZING STREAMBANKS

“Ecological restoration is a holistic approach not achieved through isolated manipula-

tions of individual elements but through approaches ensuring that natural ecological

processes occur.” (Kauffman et al., 1997)

“Engineering solutions in urban streams have utility in some situations, but in most

cases cannot fully mitigate the effects of development.  Rehabilitation and enhancement

of aquatic resources will almost certainly be required in all but the most pristine water-

sheds.” (May et al., 1997)

4.1 Introduction

The challenge set forth by the Clean Water Act (1972) to “restore and maintain the chemical, physical, and

biological integrity of the Nation’s waters” is one which remains today, and is more frequently being ad-

dressed by river restoration.  Millions of dollars are spent annually in the U.S. on river restoration (Moerke

et al., 2004), and billions of dollars are expected to flow to tens of thousands of U.S. river restoration

projects over the next few decades (Malakoff, 2004; Palmer et al., 2005).  In addition, there has been a

recent surge over the past decade in scientific research and publications on the topic (Shields et al., 2003a;

Ormerod, 2004).  Even with this significant commitment and growing public willingness to restore streams,

there remain many fundamental needs in the field.

First, inconsistencies exist in describing projects, thus complicating application and resulting in a distortion of

realistic project goals and actual biological potential.  Second, a more comprehensive understanding of the

spatial and temporal scales of the causes of impairment requiring restoration is needed to produce better

designs and understand the potential mechanisms for improvement (Jansson et al., 2005).  Third, practitio-

ners must not rely on single design methodologies, but diversify and draw upon the variety of tools available

for restoring streams to generate the most appropriate and effective projects.  Fourth, consensus on general



Page 31

principals that constitute an ecologically successful river restoration project (e.g., Palmer et al., 2005) is

needed to help standardize project implementation and evaluation.  Fifth, more baseline and effectiveness

monitoring is needed to understand if projects are actually leading to anticipated improvements, allowing for

adaptive management of installations, and informing the science of restoration to improve methods (e.g.,

NRC, 1992; Bash and Ryan, 2002; ASCE, 2003; Moerke et al., 2004).  Finally, continued efforts are

needed to organize and refine the large amount of existing information on river restoration planning and

design in a user-friendly format.  It will take a unified effort on behalf of the river restoration community,

including government officials, academics, and practitioners, to address these substantial needs and improve

our means of restoring streams.

4.2 Restoration, Rehabilitation, and Enhancement

River restoration may be defined as the return of a resource to a healthy state where natural form,

processes, and scales of disturbance and recovery are similar to conditions prior to human influence (NRC,

1992; Brookes and Shields, 1996; FISRWG, 1998).  An on-going debate continues in the river restoration

community as to the appropriate historical target for restoration, and if such an ambitious level of change is

even possible (Booth et al., 2004).  Based on this definition of restoration, it is evident that “it is a holistic

process not achieved through the isolated manipulation of individual elements” (Shields et al., 2003a).  The

terms rehabilitation (sites initially impaired) and enhancement (sites initially average) imply a lesser goal of

improving conditions relative to the existing watershed background.  In developed landscapes where

processes are altered due to widespread direct impacts to the river corridor and watershed land use

change, efforts to improve river condition are more accurately called rehabilitation or enhancement.

4.3 Approaches to River Restoration

4.3.1 Active versus Passive

In certain instances a passive restoration program (i.e., no direct human intervention to change system form

or function) is adequate to improve river condition once a source of impairment is removed.  For example,

installing livestock exclusionary fencing to allow for the natural re-vegetation of a trampled streambank can
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lead to improved bank stabilization and near-bank habitat, in addition to local natural channel form and

process, without direct manipulation to the channel.  Passive approaches can be appealing alternatives as

they typically cost less than other methods and are effective means of moving towards system naturalization.

Note that the “no action” alternative, nothing is done and the channel is left unchanged to move through its

present evolutionary course, differs from the passive approach that includes indirect actions that lead to the

cessation of a stressor.  With the many threats to river systems found both in the river corridor and scattered

throughout watersheds, cessation of disturbances is often not enough for system restoration given historical

abuses and remaining infrastructure.  In this case, active restoration is required to move river form and

process towards a more stable and natural state.  Recall that isolated rehabilitation and enhancement

practices alone do not technically constitute restoration – a holistic process with multiple facets of

assessment and project installation.

When its components are properly designed and implemented, the benefits of active restoration programs

are typically apparent over relatively short time periods as compared to passive approaches.  Proponents of

active river restoration desire a more rapid feedback to quickly improve a degraded area and to fit work

into existing typical project time tables.  Although system recovery may not be as quick as with active

methods, passive approaches are valued for their more natural assisted recovery.  When establishing a

restoration program, the pros and cons of both passive and active approaches should be considered for

each project component.  Although at times the division between passive and active practices may not be

completely clear, both methods offer value to an overall restoration program and should be incorporated as

needed to accomplish goals.

Components of active restoration can take place at any spatial scale, and are often carried out between the

riffle to reach scales (i.e., meters to 1-2 kilometers).  Common practices include installation of channel and

bank features, re-shaping of channel and banks, daylighting, improving fish passage, and enhancing the

riparian corridor.  Occasionally, changes to infrastructure such as re-locating utility easements and retrofitting

urban drainage networks to reduce their impacts are carried out as part of a river restoration plan.  Schueler

and Brown (2004) identify nine objectives of urban river repair: 1) cleanup river corridor; 2) naturalize river

corridor; 3) protect threatened infrastructure; 4) prevent additional bank erosion; 5) expand or reconnect

the river network; 6) increase fish passage and spawning potential; 7) improve fishery habitat; 8) achieve

natural channel design; and 9) recover biological diversity and function.
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Figure 4.1:  Sketches of plan, profile, and section views of a rock
vortex weir (Source:  Brown, 2000).

(A)

(B)

Figure 4.2:  Sketch of (A) coconut coir fiber roll and (B) log, root wad, and
boulder revetments used for streambank stabilization (Source:  FISRWG, 1998).
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The specific practice to be installed is a function of its objective and the prevailing conditions.  For example,

a rock vortex weir (Figure 4.1) might be used where fixed grade control is called for.  Instream boulders

and debris jams are common components of fish habitat enhancement projects.  Large-boulder, log, root

wad, and coir fiber revetments (Figure 4.2) are practices commonly used for bank stabilization.  Re-

vegetation is frequently performed on streambanks and in riparian areas to reduce erosion potential and

enhance near-bank habitat.  Many existing river restoration manuals and books contain detailed catalogs of

popular practices the include descriptions, application notes, and installation specifications (Table 4.1).

These documents serve as useful guidelines to design features of river restoration programs.

4.3.2 Analytical

The analytical, or physical-based engineering, approach has played a key role in both the original and recent

methods of river restoration.  Hydraulic analysis was initially used to design open irrigation channels that

were in regime, or transporting all incident sediment while maintaining stable dimensions.  Since then, the

fundamentals of hydraulics (e.g., Chezy, Manning’s, and continuity equations) have been applied to virtually

every aspect of open channel design, including recent efforts in creating naturalistic channels.  Analytical

modeling techniques are becoming a more prominent part of comprehensive river restoration design due to

the benefits of estimating system hydrology, water surface elevations, and sediment transport rates (Burns,

1998).  Millar and Quick (1993) incorporate bank stability as a function of consolidation of the bank

sediment, cementing by fines, and binding of the sediment by root masses into an analytical hydraulic geom-

Practice used for… Details Reference (see Bibliography)
Streambank stabilization Bioengineering only (Eubanks and Meadows, 2002)

(Walter et al., 2005)
Hard and soft methods (NRCS, 1996)

(Cramer et al., 2002)
Instream and streambank work Hard and soft methods (TRANS, 2001)

(FISRWG, 1998)
(Saldi-Caromile et al., 2004)
(MDE, 2000)
(Flosi et al., 2002)
(Hunter, 1991)
(Riley, 1998)

Table 4.1:  A summary of existing manuals and books that contain details of stream restoration
practices.
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etry model.  Furthermore, analytical methods have been used to investigate the hydraulic characteristics of

incised streams with regard to channel evolution stage (Bledsoe et al., 2002).  There has been a recent trend

of using analytical models to elucidate the connections between small and large-scale river processes (de

Boer et al., 2005).

A central benefit of analytical modeling approaches is the ability to model designs with both spatial and

temporal dynamics.  At one point in time analysis methods were quite cumbersome and time-consuming, but

these problems no longer exist due to advances in modern personal computing and the internet.  A variety of

useful programs are available through both public domain and private software distributors.  As with all

computer-assisted modeling, a drawback of using modern analytical tools is that errors can be hidden in the

code of models that could skew designs.  It is imperative that software users understand the fundamental

technical theory underneath the buttons and menus of a modeling program to minimize errors.  Analytical

methods take time to set up and debug, and thus can increase project costs.  Equations and numerical

analytical tools can appear abstract to the public, and thus they are often not as readily digestible by project

stakeholders as compared to more visual approaches to river restoration.

Fundamentally, the problem with analytically modeling natural river channels is that they can have up to nine

degrees of freedom (variables) and there are insufficient physical equations to generate a solution (Hey and

Thorne, 1986).  Therefore, empirical or analog data is also needed.  The independent variables are usually

watershed area, dominant discharge, and sediment load.  The dependent variables are channel width, depth,

slope, sinuosity, substrate, and bank slope.

4.3.3 Empirical

The empirical approach to river restoration relies on extensive data sets to develop regression relationships

to predict stable channel dimensions at new sites.  Leopold and Maddock (1953) expanded this approach

by identifying power functions for channel width, depth, and velocity as a function of discharge, based upon

the Lacey regime equations (1930).  Since their creation, hydraulic geometry relationships have been utilized

in many ways to assist with river assessment and restoration.  For example, relationships have been created

that are a function of watershed drainage area (Montgomery and Gran, 2001), particular to a given region

(e.g., Castro and Jackson, 2001), and a function of channel gradient that was found to drive the dimensions
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of confined mountain streams (Wohl et al., 2004).

An important benefit of empirical approaches includes the establishment of rapid design tools once relation-

ships for a given region and river type are established.  However, design errors can occur when relationships

are used in systems that differ too substantially from the one in which they were established.  Citing the

differences in form and process between natural streams, where most hydraulic geometry relationships are

created, and urban rivers, Niezgoda and Johnson (2005) indicate that there is a significant research need to

extend the utility of empirical methods to altered systems.  Other potential pitfalls include spurious observa-

tions skewing data patterns during relationship calibration and limited opportunity for understanding water-

shed processes.

4.3.4 Analog

The analog approach to river restoration uses a reference reach as a template for stable form and a single

dominant design discharge.  Dimensions are measured at the stable reference reach and replicated when

constructing a new channel.  The bankfull discharge is most commonly used for design, and is identified at

the reference reach based on field indicators of its elevation, or at an existing gauge.  The analog approach is

closely associated with the Rosgen method (Rosgen, 1994; Rosgen and Silvey, 1996, 1998), and many

existing river restoration design manuals and guidelines primarily follow this methodology for channel cre-

ation (e.g., TRANS, 2001; Flosi et al., 2002; KST, 2002; Doll et al., 2003). This geomorphic approach

has become very popular over the past decade due to expanded opportunities for learning design methods

and installing projects.  The proponents of the analog approach cite such benefits as simplistic observation-

based design relative to engineering approaches, increased opportunities for stable channels due to use of a

local reference, and the relative efficiencies of the approach.

There is a recent increased movement in the river restoration community that the analog approach is not as

straight forward as anticipated and should not be used alone for channel design.  Inconsistencies can arise

that are associated with identification of bankfull levels and classification of the dominant channel material

(Simon et al., 2005).  Reference reaches are often difficult to find in disturbed systems leading to guesswork

in a fundamental component of the design approach.  Reliance on a single flow is another troubling aspect of

the analog method.  For example, channels designed with sole reliance on a dominant discharge having a
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recurrence interval of 1-2 years are susceptible to degraded instream habitat quality during low flows,

instability due to repeated moderate flood events, and even complete channel avulsion during extreme

floods.

4.3.5 Combination

None of the above design approaches is universally applicable, and thus the need exists to understand each

method and how to select the appropriate design tools for a given project.  River restoration practitioners

are just starting to break out of single approach methods to utilize the positive aspects from analytical,

empirical, and analog methods to establish interdisciplinary, practical, and detailed designs.  Soar and

Thorne (2001) advocate ‘the geomorphic engineering approach,’ where the analog approach is combined

with analytical tools to model a range of flows and sediment transport.  Shields et al. (2003b) describe an

intermediate approach featuring application of hydraulic engineering tools for assessment of watershed

geomorphology, channel-forming discharge analysis, and hydraulic analysis of flow and sediment transport.

The increased initial investment in design expands the likelihood that installed projects will meet project

goals, and not be prone to failures such as dislocation during large flood events or reduced habitat quality

during low flows.  The comprehensive design approach is ultimately more economical as project failures

require costly repair and maintenance.  In addition, combined approaches allow for more flexibility to carry

out process-based design approaches (Simon et al., 2005).

4.4 Project Understanding via Appropriate Classification of Created Channels

Natural channel design has moved river restoration from ‘unnatural rigid design’ closer to nature.  In this

form-based approach, natural-like features are re-created although natural processes are often not allowed

to play out.  The common usage of ‘natural channel design’ is more accurately called ‘semi-natural form

design’ due to the use of artificial structures, while a fully natural channel creation is called ‘natural process

design’.  This more accurate classification of created channels based on geomorphic characteristics helps

elucidate the attainable habitat details of a project, important design principals, and the likely social compo-

nents (Table 4.2).  Many of these important aspects of channel design are commonly lumped into planning

procedures under problem identification and project objectives; however, a clear classification scheme
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based on project type is a valuable tool for guiding channel creation, streambank stabilization, and other

types of river restoration.

4.4.1 Unnatural Rigid Design

Unnatural rigid channel design uses hard materials to fix channels in place in all dimensions, and eliminate

natural processes and evolution.  This river management method is often applied after large flood events to

stabilize streambanks and bed.  In addition, rigid channels are common in developed areas where human

investments, and associated risks, are abundant in the river corridor.  Although rigid design is effective at

reducing local risks in the river corridor, under this design approach problems are mostly transferred to

other locations.  In addition, a general homogenization of habitat results from this method and severely limits

Unnatural Semi-Natural Natural
Rigid Design Form Design Process Design

Form vs. process N/A Form Form and process

Planform Constrained Partially constrained Unconstrained

Profile Uniform Non-uniform Non-uniform

Cross-section Uniform, prismatic Non-uniform, variable Non-uniform, variable

Floodplain connectivity Absent Variable Present

Channel stability Rigid Threshold Equilibrium

Channel evolution Static Static Dynamic

Biological potential Limited Rehabilitation/enhancement Restoration

Eco-hydraulics Homogenous Variable Heterogeneous

Substrate Homogenous Variable Heterogeneous

Streambanks Hard Combination Soft

Near riparian Unvegetated Partly vegetated Vegetated

Connectivity Limited Typically limited Lateral and longitudinal

Flood magnitude Large flood Bankfull discharge Low to high

Sediment regime Limited information Limited information Known

Method Empirical & analytical Analog and analytical All

Type experience Higher Medium Lower

Primary goal Flood conveyance Improve structural form Restore process and form

Resiliency High Variable Self-sustaining

Long-term cost Medium Medium to high Low to medium

Aesthetics Low Medium to high High

Infrastructure Present Moderate Minimal

Community risk Low to Medium Medium to high Low to medium to high

Stakeholder involvement Low Medium to high Medium to high

Public access Low Variable Variable

Public experience Moderate Moderate Low

Funding High Medium Low
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Table 4.2:  A created channel classification system based on fluvial morphology characteristics
that can be used for accurately describing anticipated habitat condition, important hydrologic
design tools, and significant social aspects of stream restoration projects.
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biological potential.  Virtually all aspects of the food web are disrupted and rigid channels typically have low

biological diversity at all trophic levels.

Unnatural rigid design is based on handling large floods, and thus utilizes analytical and empirical methods to

ascertain hydraulic capacity.  Little, if any, information on the sediment transport capacity of the channel is

used during design.  Engineers have a lot of experience in rigid, open channel design, yet these installations

frequently require periodic maintenance as materials are re-located during flooding.  Many guidelines exist

for identifying the appropriate material size for stabilization (e.g., NRCS, 1996; Fischenich, 2001) and for

design principals (e.g., USACOE, 1994; Richardson et al., 2001).

Rigid channels are still used today as they are effective at reducing risk to local human infrastructure in the

river corridor.  Nevertheless, their lack of aesthetics, reduced access, and limited stakeholder involvement

during planning and implementation is making other more naturalistic projects more popular to watershed

partners.  In addition, natural designs are more favorable as there is a growing desire for environmental

restoration to strengthen the link between humans and the natural world (Light, 2000), and restore ecosys-

tem services.

4.4.2 Semi-Natural Form Design

Semi-natural form design, commonly referred to as natural channel design, is based on replicating an analo-

gous channel reach where stable form is present.  This form-based method has popularized the analog

approach to river restoration, where fluvial morphology is the primary means of assessment and project

design.  Again, the new naming convention of semi-natural form design is presented because somewhere

during the natural channel design panacea of the past decade information regarding truly natural channel

restoration seems to have been largely ignored.  For example, semi-natural form design typically has a

partially constrained planform to limit channel migration, and thus channel evolution is halted.  It is this

control that both limits restoration potential, but allows for a more natural design approach where site

constraints and human investments are present in the river corridor.  The increased hydraulic and substrate

heterogeneity in semi-natural form design over rigid channel methods improves habitat and increase the

biological potential of created channels.  Partially deformable streambanks and maintenance of some

riparian vegetation add to the natural-like features and increase the feasibility of accomplishing the goals of
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system rehabilitation and enhancement.

Semi-natural form design is usually based on using the bankfull discharge as the dominant channel forming

flow.  As with unnatural rigid channel design, this design strategy of using a single flow to shape a channel

can be problematic (Simon et al., 2005) rather than investigating the range of typical flows.  Nevertheless,

semi-natural form design is currently one of the most popular means of river restoration (e.g., Rosgen and

Silvey, 1996).  Public demand for increased aesthetics and access, improved habitat in constrained project

areas, and continued involvement in the restoration process have promoted this design method.  Mixed

success rates in meeting project goals illustrate that popular design methods must continue to be refined

(e.g., Kondolf et al., 2001b).  Nonetheless, semi-natural channel design remains a popular mechanism of

ecosystem rehabilitation and enhancement, naturalization, and community revitalization in developed areas.

4.4.3 Natural Process Design

Natural process design restores channel form and processes where all dimensions remain unconstrained and

channel evolution may take place.  This truly natural channel design method leads to a heterogeneous and

deformable channel in dynamic equilibrium.  Natural process design is only possible where constraints are

limited so that longitudinal barriers are absent and lateral connectivity to the floodplain is a realistic objective.

Connectivity is an important aspect of river restoration that is often overlooked (Smith et al., 1999).  Natu-

ral channel form and processes allows for the establishment of high quality habitat for all flow conditions and

biotic life-stages leading to the potential for full biological restoration.

Natural process channel design is comprehensive, covering a range of flows and sediment regimes, but is

simplified due to the absence of physical project constraints.  Empirical, analog, and analytical methods are

required to fully understand how to attain natural process and form.  If properly designed, natural process

design should require little to no maintenance, create minimal risks to humans, and will likely generate

valuable flood attenuation and sediment retention to improve conditions at downstream locations.

Natural process design has received little attention due to limited willingness to invest in projects to improve

natural processes in less-developed areas.  This has resulted in limited experience and funding for natural

process design.  As the importance of natural form and processes becomes widely known by watershed
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partners, natural process design will likely become a more popular component of river restoration.

4.5 Over-Arching Goals of River Restoration

The specific goals of river restoration will vary based on the nature of the system disturbance and the

practices used to intervene.  Recall that often times full restoration is not possible and projects will seek to

rehabilitate or enhance a component of a system that has disrupted processes.  Even with the variety of

objectives, researchers and practitioners have started working on standardizing common goals of restoration

to attain consensus and move the science and application of river restoration forward.  Most recently, a

group of leading aquatic scientists (Palmer et al., 2005) discussed five criteria for an ecologically successful

restoration project.

1. A guiding image exists: a dynamic ecologic endpoint is identified a priori and used to guide the

restoration (within present regional context).

2. Ecosystems are improved: the ecological conditions of the river are measurably enhanced and move

towards the guiding image.

3. Resiliency is increased: the river ecosystem is more self-sustaining than before.

4. No lasting harm is done: implementing the restoration does not inflict irreparable harm.

5. Ecological assessment is completed: some level of pre- and post- project assessment is conducted

and the information is shared.

These criteria for success appear to be broad enough to include a range of project types (i.e., from unnatu-

ral rigid design to natural process design) in systems with variable conditions.  The first three criteria are

inherently about process – (1) identification of system processes, (2) observable process improvement, and

(3) resiliency that is maximized under natural processes.  Reference to a ‘guiding image’ implies that targets

are not always healthy reference streams, but expectations must be adjusted based on existing system

constraints.  Criterion four addresses a common problem in many current restoration programs in that

installed practices are addressing one aspect of recovery while simultaneously limiting another aspect.

Process-based thinking helps reduce such restoration conflicts.  Finally, the fifth criterion addresses the

current severe lack of river restoration monitoring, calling for expanded evaluation and reporting to observe
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changes and advance the science of river restoration.  The criteria mentioned above are representative of

those found in other river restoration manuals.

Reoccurring themes regarding project goals are scattered throughout existing river restoration manuals (e.g.,

KST, 2002; Saldi-Caromile et al., 2004) and collectively call for a clear definition of the desired future

condition, identification of important spatial and temporal scales, recognition of constraints and key issues,

and clearly defining goals and objectives at the project start.  “This vision will ultimately be integrated with

important social, political, economic, and cultural values” (FISRWG, 1998).

4.6 The River Restoration Process

4.6.1 Introduction

Several existing manuals  and documents offer useful methodologies for the river restoration process (Miller

et al., 2001; OMNR, 2001).  Some standardization of project planning appears to be taking place; how-

ever, widely applicable design methods are not available and at times cautioned against.  Common themes

encountered for use in the river restoration process follow.

4.6.2 Monitoring

If at all possible, river restoration should be conducted in the context of an on-going monitoring program to

inform the process from the problem identification state all the way through to effectiveness monitoring

(Ralph and Poole, 2003).  For example, channel and streambank assessments (e.g., engineering slope

stability analysis or bank erosion hazard index assignment) can assist with problem identification and inform-

ing the design process.  The necessary amount of data for effectiveness monitoring is often not present.  In

many cases, the lack of baseline monitoring precludes pre-post comparative studies so post-treatment only

study designs and analytical tools can be used to investigate effectiveness after project implementation

(Schiff, 2005).  In the end and with ample foresight, as much preliminary monitoring that can be budgeted

for should be performed at the project site, reach, segment, and watershed.  This monitoring should span

the disciplines of geomorphology, hydrology, hydraulics, physical habitat, aquatic biology, and water chemis-
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try.  During the early phases of project planning, all pertinent existing data potentially related to the project

(e.g., maps, photos, previous projects in the watershed, previous assessments, etc…) should be assembled.

4.6.3 Problem Identification

A critical component of project planning is proper problem identification.  This includes the appropriate

spatial and temporal scales at which disturbances are operating.  For example, it is critical to the early

design phases of the project to know if the problem is localized or originating at the watershed scale, and if

the disturbance occurs regularly at some recurrence interval.  A key to truly process-based restoration is to

understand the mechanism that are causing the disturbance (Jansson et al., 2005), so that these functions

can be directly addressed during the project design phase.  During the preliminary monitoring and problem

identification phase, it is useful to gain an understanding of the range of variability of natural form and pro-

cess, as well as levels of disruption.  A clear identification of the problem will lead to a more accurate

formulation of goals and objectives, design, and implementation.  Accurate problem identification and

understanding of causal mechanisms will also help determine if ‘no action’ or passive restoration alternatives

are possible, which may be preferable to active restoration implementation.

4.6.4 Goals and Objectives

After preliminary monitoring and problem identification and understanding, a guiding image must be concep-

tualized for what the river should look like and how it should function once the project is complete.  This

image is not limited to the project site, but should extend to the reach and watershed spatial scales.  Addi-

tionally, the guiding image should project into the future when more components of some over-arching

restoration program might be completed.  For example, characteristics associated with the connection

between a healthy river and an undisturbed wetland complex might be identified as a guiding image for a

project site where floodplain connectivity is being restored for flood attenuation.  However, it will require

some forecasting to develop a guiding image of a watershed with enough floodplain reconnection projects to

reduce flood flows in the channel to influence sediment transport and system wide channel form.

Project planning is a crucial aspect of the river restoration project because “well-intentioned projects often

drift from having initially sound restoration objectives to ultimately providing reduced ecological benefit”
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(Gillilan et al., 2005).  In some cases, problems are not properly identified, goals and objectives are not

clear, constraints go unidentified, and the level of risk acceptable by project participants often decrease as

projects progress closer towards implementation.  To help avoid ‘guiding image drift’ that often leads to

inaccurate expectations in terms of recovery of the multiple facets of river ecosystems, we have created the

classification of created channels to set realistic goals and objectives.  As described above, the classification

is based on morphological characteristics of channels created by unnatural rigid design, semi-natural form

design, and natural process design.  Selection of one of these project types will assist with understanding

habitat and biological potential, useful design components, and anticipated social aspect.

Project participants and watershed partners play an important role in the river restoration process and will

hopefully become a mobilized stakeholder group for future water resource protection and management.

The community is essential to helping set appropriate goals and objectives for projects and river restoration

programs, and should be involved as these are being formulated.  Local watershed partners often bring to

the table knowledge of politically popular ideas, a long-term database of historical information, and an

understanding of the investments associated with on-going maintenance that are all important to accurate

problem identification and formulation of goals.

4.6.5 Alternatives and Selection

After review of existing data and preliminary data collections on existing conditions, a qualitative discussion

of alternatives is compiled for presentation to the project community.  During this phase, the design team

presents all potential alternatives in terms of how each does or does not meet the project goals with the

given constraints.  This process often rapidly eliminates several alternatives.  Throughout this process it is

important to maintain reference to system restoration, in addition to local rehabilitation and enhancement

efforts.  In the end, several alternatives should be selected via consensus to begin analysis.  The details of

the alternatives analysis vary by project; however, iterations of removing alternatives are possible until the

project community is left with several that will be analyzed for potential selection as the final design.
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4.6.6 Design

Alternatives that meet project goals, work with given constraints, and are selected by the project community

for further investigation are then analyzed.  Ideally, a combination of the analytical, empirical, and analog

approaches is used to generate and check design options.  For example, channel dimension for channel

construction can be initially set by existing hydraulic geometry formulae (empirical) and verified by geomor-

phic assessment and comparison to a reference reach (analog).  Furthermore, hydraulic and sediment

modeling can be used to adjust channel dimension to ensure desired conditions exist over a range of flows

(analytical).  Adequate design, using each of the river restoration tools, and communication of findings will

assist the project community select a final design for implementation.  Final design selection is often an

iterative process.

4.6.7 Implementation

The most organized, inclusive, and effective planning and design process is futile without proper implementa-

tion of river restoration components.  If contractors are needed to complete the project, those with experi-

ence working in streams and a proven track record of high quality work should be selected.  All field

volunteers should be adequately trained on installation techniques.  A member of the design team should be

present to monitor as much of the construction as possible.  This will increase the accuracy and efficiency of

the implementation process.  Throughout the construction phase, an effort should be made to minimize harm

done to the system so that post-construction recovery can take place rapidly.  Finally, post-construction

plans should be generated to document activities in the river and serve as baseline data.

4.6.8 Monitoring and Adaptive Management

Just as it started, the project should end with monitoring and reporting of results.  Ideally, a previously

established monitoring protocol can be maintained with an on-going river restoration program; however,

post-project collection can be used for effectiveness monitoring as well.  Monitoring addresses important

questions that otherwise go unanswered.  Effectiveness monitoring ultimately determines if the project is

meeting the goals of the installation and the overall restoration program.  Monitoring also will identify if

adaptive management (Holling, 1978; OMNR, 2001) is needed in the form of maintenance or project
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expansion.  Monitoring results should be communicated at the local, regional, and national levels as each

river restoration project offers learning opportunities that should be capitalized upon.  Watershed partners,

both involved in the project planning and not, are likely to be interested in how local resources are being

managed.  Presentations to watershed residents are important to establish stewards of existing projects,

monitoring teams, and political acceptance for future river restoration activities.  Project information is also

valuable to other regional water resource managers who might be involved in similar programs.  Presentation

of project details and findings at regional conferences will help the broader management effort.  Finally,

publication in industry, government, and peer-reviewed journals will help advance the science and practice

of river restoration.  Broad reporting on river restoration will also continue to unify members of government,

academics, practitioners, non-profit affiliates, and the public to address the challenges of river restoration

and ultimately improve current management efforts.

4.7 Moving Towards Standard Design Methods

The consensus on the standardization of actual design methods is that a one-size-fits-all approach is not

possible.  Clearly, differences in site conditions, range of practice applications, climate, geography, and other

aspects lead to such a broad range of design sequences that standardization is complicated.  Standardization

of detailed design aspects is not feasible, yet some widely applicable tools can be created that help guide the

design phase of river restoration projects.

The standardization of river restoration design begins with the fundamentals of channel form and process,

and deviation in altered systems.  Framed in the context of the balance between water and sediment and

across the range of spatial and temporal scales, the problems that are corrected by river restoration can be

organized.  A key first step is thus accurate mechanistic problem identification.  A critical next step to design

standardization is to accurately assess the possible effects of a single project, and understanding this

project’s role amongst a larger restoration program that might include many individual projects.  Embedded

in this step of standardization is the setting of realistic goals and objectives.  As alternatives are created,

constraints and potential must be understood and thus utilization of the constructed channel classification

system presented above is of value.  An organized, broadly applicable, form and process based planning

phase to river restoration is the first essential step to allowing for design standardization.  Reduced planning
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efforts make for less-informed entrance into design phases and complicate the possibility of some standard-

ization.

Existing conditions, goals, and project scope often guide the level of design needed.  For example, a semi-

natural form design will typically require more comprehensive analysis than natural process design due to the

presence of site constraints.  A single, small habitat enhancement project will clearly require less design than

larger scale projects such as channel construction.  For this type of small scale project analytical modeling of

flow and sediment transport is beyond the project scope.  Analytical methods will be very useful in systems

where substantial problems are being caused by an altered balance between flow and sediment.  The

combination of approaches to river restoration is advocated, yet only a subset may be needed based on the

type of project.

Aspects of the current theory, approaches, and details of today’s applied river restoration techniques are

largely published in a variety of existing manuals (e.g., NRCS, 1996; Watson et al., 1999; Copeland et al.,

2001; Cramer et al., 2003).  Each manual has its own area of strength, and can be drawn upon for applica-

tion.  For this information to be useful, a framework is needed to guide the river restoration designer through

the project planning phase and into the design (as presented above), and to the existing information in the

appropriate manual.  Flow charts can be created to guide the designer towards a group of solutions, design

approaches, and other useful information.

4.8 Conclusion

It is a critical time for the field of river restoration, where application methods are being revisited to under-

stand why projects are often not meeting anticipated goals and how to improve design and application

methods.  More and more information is being reported on the restoration of streams and its popularity as a

management tool is growing, as indicated by increasing expenditures.  The literature advocates returning to

the fundamentals of channel form and process to understand mechanisms of system alteration and set

realistic goals and objectives given constraints.  This information is essential to effective design.  A con-

structed channel classification system is presented to clearly identify project type and to guide informed

project planning.  Only with this knowledge can the complicated design process be advanced towards a
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standardized set of actions drawing on the existing publications on applied river restoration.  Several themes

continuously re-emerge in the river restoration documents reviewed here and are summarized below in some

axioms. (See the preface of Cramer et al., 2003 for useful expanded guiding principals of stream restora-

tion.)

4.8.1 Fundamental Axioms for River Restoration

• Monitor – Baseline, effectiveness, as much as possible.  Monitoring should be the first and last item

in the planning process to ensure accurate problem identification, identifying change, learning from

projects, and advancing the science of river restoration.

• Investigate the causes of impairment, restoration alternatives, and mechanisms for change at the

appropriate spatial and temporal scales.

• Natural channel stability is not equal to channel immobility.  “A stable channel is one that has neither

a net deposition nor net erosion of channel substrate in the long term.”  (TRANS, 2001)

• “Work with, not against, a stream’s natural form and function.” (KST, 2002)

• Accurately classify project type based on morphology to understand habitat potential, design

methods, and social aspects.

• Where unconstrained, the natural process design approach is less costly to design and implement,

and more effectively balances fluvial geomorphology, hydrology, and habitat quality.
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5.0 RIVER RESTORATION IN NEW HAMPSHIRE

“Geographies sometimes speak of the State [of New Hampshire] as the ‘Mother of

Rivers.’  Five of the great streams of New England originate in its granite hills.  The

Connecticut River rises in the northern part, and for nearly one hundred miles of its

winding course hems the shores of the state with a ‘broad seam of silver.’  The

Pemigewasset River starts in the Profile Lake in the Franconia Mountains and joins the

Winnipesaukee at Franklin to form the Merrimack, which at one time turned more spindles

than any other river in the world.  The Cocheco and Salmon Falls Rivers join at Dover

to form the Piscataqua.  In addition, two of the principal rivers of Maine, the

Androscoggin and the Saco, have their beginnings in northern New Hampshire.”  (NH,

2005)

5.1 Introduction

New Hampshire has a broad range of river types.  The forested White Mountains contain many small non-

alluvial headwater channels such as the upper Pemigewasset River that serve as the origin to some of New

England’s larger rivers.  On the other end of the spectrum, larger meandering rivers such as the Merrimack

downstream of Manchester, New Hampshire typically flow through more developed lands.  The Piscataqua

River is a small coastal drainage that discharges directly to the Atlantic Ocean.  The wide range of river

types, historic river corridor alterations, watershed land use change, and existing infrastructure makes river

management in New Hampshire a challenge.  The management of river systems in mountainous parts of

New England is further complicated because incised channels downstream of steep terrain typically cannot

access their floodplains during high flows to dissipate energy so severe instream erosion occurs.  This issue

may only be compounded if the trend of more frequent large precipitation events observed over the past

100 years in New England continues.  Increased risk, repeated loss of human investments, and costly on-

going river management is evident by events such as the recent flooding in October of 2005 that damaged

substantial state and personal property, and which the U.S. Federal Government declared a major disaster

in the State of New Hampshire.  The use of natural process-based river assessment and restoration at the
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appropriate spatial scales can help identify and alleviate some risk to human investments in the river corridor,

in addition to improving aquatic habitat.  A river restoration guidelines document is a critical first step to-

wards accomplishing these important goals and allowing for more effective management.

5.2 Glacial Influence

At the height of the “Great Ice Age” approximately a million years ago the Labrador Ice Sheet made its way

south, completely covering New Hampshire and the rest of New England as far south as Long Island

(Chapman, 1974).  The sheet of ice topped Mount Washington by at least 1000 feet, thus providing enor-

mous erosive force for underlying dislodged rock and soil particles to scour river-formed V-shaped valleys

into glacier-formed U-shaped valleys (i.e., Franconia, Crawford, and Pinkham Notches).  The glaciers not

only formed major river valleys such as the Connecticut, but also formed lake basins such as the

Winnipesaukee where weaknesses in bedrock existed.

The glaciers that moved south through New England had a profound lasting effect on the landscape with

their retreat north as the climate warmed about 40,000 years ago (Chapman, 1974).  Rivers from melting

glaciers deposited tons of gravel and cobbles filling some valleys, while large glacial lakes deposited layers

of silt and clay in other valleys.  Rivers that flow through today’s New Hampshire landscape continue to

erode, transport, and re-deposit these glacial sediments, and attempt to do so in a dynamic equilibrium.

This important ‘paraglacial’ (Church and Ryder, 1972) characteristic of rivers in formerly glaciated terrain is

critical to consider when attempting restoration activities in the river corridor.  Features such as sediment

size and load, erodability of bed and banks, channel profile and planform can all be linked back to the

glacial origins of the river valley.  Human disturbances in the river corridor impede the flow of water and

sediment from mountain to coast, disrupting the processes that began with the melting of the glaciers.
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5.3 New Hampshire River Corridors and their Management

5.3.1 Mountain Sources

Mountain chutes tend to serve as sources for material due to land erosion in steep terrain and rapid export.

The naturally straight, confined nature of streams in mountains leads to a lot of power in the active channel.

Rock chutes and large boulders are typically found along the boundaries of headwater mountain streams

and thus lateral erosion is minimal.  The management of mountain streams is really a catchment, or small

watershed, issue.  Forestry operations and other forms of land use change in mountainous areas can lead to

excessive sediment loads moving downstream.  Mountain catchments can be quite sensitive to land use

change.  For example, small logging operations can lead to the creation of channel networks in locations

where only overland flow was once present, initiating changes in headwater and downstream hydrology.

Recent research has created mechanisms for assessing various physical aspects of mountainous streams

such as hydraulic geometry (Wohl et al., 2004), channel classification (Montgomery and Buffington, 1997),

and dominant discharge (Torizzo and Pitlick, 2004).

5.3.2 Alluvial Fans

River corridor management is often most complicated in the highly dynamic location where streams exit

steep mountain terrain, such as at the perimeter of the White Mountains.  As the channel slope abruptly

flattens, water velocity decreases and large quantities of sediment are deposited in features called alluvial

fans.  The coarse, post-glacial sediment that has only had minimal shaping remains mostly unconsolidated

and is highly mobile.  Substantial bed movement is common at alluvial fans even during just moderate flood

events (Pelletier et al., 2005).  Because these locations can mark the most upstream location that develop-

ment is possible given the presence of flatter terrain, human investments are sometimes unfortunately placed

near alluvial fans.  This sets the stage for conflict between natural form and process and human investments

in the river corridor.  Furthermore, upstream watershed land use change can lead to even more volatile

conditions around alluvial fans.  The high risk associated with alluvial fans warrants extreme management

tactics that may include the purchase of endangered property, moving structures, and extraordinarily large

set-backs.
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5.3.3 Mid-Order Transport Streams

Medium-sized streams just out of the mountain steeps mostly transfer sediment (Schumm, 1977; FISRWG,

1998).  In New England, mid-order streams have experienced many direct alterations.  Historical channel

straightening was used to clear snags to allow for floating logs.  Small dams were built to use flowing water

to provide mechanical power for mills.  Railroads and roadways were placed in floodplains since the river

had already started the work carving out easements.  As human investments in the river corridor became

more numerous, natural processes had to be curtailed to limit risks.  Many New England river channels

were regularly cleared and straightened to reduce roughness and increase flow conveyance so that low lying

areas would no longer flood.  Disconnection from the floodplain really was the pivotal point in time where

management against natural process was determined, and thus rivers became not only sources of goods and

services, but high risks and costs to society as well.  With the increasing likelihood of more frequent and

larger floods taking place in New England over the past century, historically degraded channels are likely to

be incising at a more rapid rate reducing the remaining means of flow attenuation and sediment storage.

River restoration towards natural processes seems to be the best chance of breaking out of the costly

management of medium-sized river surrounded by human investments.

5.3.4 Large Alluvial Rivers

Sediment moved from mountain headwaters and transported through medium-sized streams tends to

accumulate in depositional features in large meandering rivers before eventual watershed export.  River

corridors in these broad downstream valleys are frequently developed for agriculture or urban land uses,

and often show broad impacts due to removal of natural vegetation and the cumulative effects of upstream

channel changes.  For example, local instability in the form of channel braiding may result from large slugs of

sediment moving into larger rivers due to accelerated upstream delivery from the watershed or increased

instream erosion.  In addition to the physical impairment, reduced water quality is common in developed

lands due to excessive loading of items such as nutrients and bacteria, and thermal modification.  Large

hydroelectric or flood control dams are also significant sources of impairment on larger rivers, greatly

altering habitat.
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5.3.5 Land Use Change and Current Infrastructure

The dominant land cover in New Hampshire is regenerating forests that have been maturing since the

widespread harvest approximately 100 years ago to clear the way for traditional family agriculture.  Timber

harvest continues today at a relatively small rate for wood products; however, large tracts of land managed

as working forests and farms are changing ownership and development is taking place in the form of resi-

dential, commercial, and associated land use types.  Much of this development takes place in river corri-

dors.

Transportation networks and pock-

ets of urbanization complicate the

present day river management

scenario in New Hampshire.  Parts

of many of the State’s roadways,

such as State Route 302 along the

Ammonoosuc River, are situated in

valleys very close to active channels

(Figure 5.1).  River adjustment or

blockage can lead to the costly loss

of human investments.  Transportation

infrastructure complicates natural

process restoration.  Investments in

urban areas close to streams, such as

in Hanover, New Hampshire along the

Connecticut River creates a host of

threats to streams.  In addition to the

structures, roadways, and utility

easements in the river corridor, short

circuiting of stormwater runoff often

causes channel instability and overall

habitat degradation.  “Sensible use of

Figure 5.1:  Photographs of State Route 302 and the Ammonoosuc
River in Lisbon, New Hampshire (Source:  Ray Lobdell, Ammonoosuc
River Corridor Advisory Committee and Town of Littleton, Rivers
Management Advisory Committee Presentation, April 12, 2006).
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the river corridor and lands throughout the watershed helps to protect the river and ensure our enjoyment of

its bounty. We recognize and can measure the impacts of different land uses on rivers. For example, imper-

vious areas such as parking lots and buildings increase the volume and velocity of runoff, which in turn

increases erosion. Runoff from impervious areas can carry with it road salt, oil, gasoline, anti-freeze, and

other pollutants. Agricultural, residential and recreational developments have the potential to degrade waters

with sediments, nutrients, pesticides and herbicides” (NHDES, 1997).  Process-based restoration at the

watershed scale allows for better understanding of channel stability and biotic potential in disturbed areas.

5.4 River Restoration in the New Hampshire Landscape

The broad types of channels, history of instream and land use alteration, and human investments in the river

corridor necessitate a flexible yet consistent approach to river restoration in New Hampshire.  A key issue is

managing the conflict between human investments in the river corridor and natural river processes.  The

alteration of natural process and the attempts of a channel to return to equilibrium have been on-going in the

State of New Hampshire and previously documented in detail (Yearke, 1971).

“Because flooding along the Peabody River in New Hampshire undermined a section of

roadway, the river channel was relocated (manmade) in that section.  The Peabody

River was shortened by approximately 850 feet and its alignment straightened by this

change.  A small side stream was diverted to flow in the opposite direction.  Immediately

after construction, the channel began to rapidly seek its hydraulic gradient through

erosion and scour.  Its adjustment was a continuing process with major change occur-

ring within the first year and adjustments of decreasing significance occurring each

year thereafter.  The original channel had an average fall of 52 ft/mi and the relocated

channel was steepened to 80 ft/mi.  The channel adjusted itself 75 ft/mi after two years

and to 70 ft/mi seven years after construction.  A channel cannot tolerate a severe

gradient increase; thus, the upstream end of the channel degrades and the downstream

end fills to overcome the man-made restructuring.”
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Comprehensive restoration planning can lead to the application of appropriate design methods at relevant

spatial scales to reduce risk and meet project goals.  Presently the State of New Hampshire has several

tools to support stream restoration activities.  Provisional regional hydraulic geometry curves (see Figure

2.4) assist with sizing created channels based on drainage area.  The utility of the regional curves will

increase as more river measurements are added to the data set, which may eventually allow stratification by

geomorphic channel type.  For Federal and State funded projects taking place in the State of New

Hampshire, a Generic Quality Assurance Project Plan for Stream Morphology Data Collection

(Sweeney and Simpson, 2003) is available to assist with data collection techniques and promote consistent

methods.  These tools will be incorporated into the future guidelines in some capacity.

River restoration guidelines will serve as a valuable tool to design and install effective components that help

accomplish the objectives of river restoration programs.  From mountain headwaters to coastal rivers, the

guidelines document will present a framework that will lead to more accurate project understanding and

appropriate design.  The anticipated selection mechanisms to pinpoint the appropriate design tools to be

used for given project type and scope will ultimately lead to more standardized and effective implementa-

tion.

5.5 Conclusion

From small mountain headwaters to large coastal rivers, the diversity of river channel types in New Hamp-

shire necessitates a wide range of river restoration design approaches.  Standardized design guidelines must

be flexible enough to address the many river restoration scenarios encountered, which are a function of

project type, river characteristics, watershed location, and more.  A particular management challenge in

mountainous regions is the highly dynamic alluvial fan deposition areas where steep channels transition to

more gradual slopes.  Furthermore, confined river corridors filled with infrastructure such as roadways and

utilities create conflicts between natural process and human investments leading to costly and risky manage-

ment.  Documented historic and recent damage associated with flooding in the State of New Hampshire

illustrates the current need for revisiting river management methods and compiling standardized river restora-

tion principals and guidelines.
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6.0 CONCLUSION

This white paper reviews the central topics of natural channel form and process (Chapter 2.0), river system

alteration (Chapter 3.0), river restoration (Chapter 4.0), and issues related to river restoration in the State of

New Hampshire (Chapter 5.0).  Spatial and temporal scale are key aspects of river structure and function,

and the ability to properly identify disturbances and perform restoration at the appropriate scales is a major

factor that determines the success of projects.  At the root of impairment to the river corridor is the alter-

ation of the balance between sediment and water.  This equilibrium is fundamental for understanding change

and rehabilitating natural process, and a useful foundation for investigating geomorphic variables, channel

classification, and channel evolution models.

Historic and on-going threats to rivers originate within the river corridor and contributing watershed.  The

river restoration community is presently seeking ways to break out of mismanagement cycles that utilize

temporary fixes that typically work against natural processes to respond to crises such as large floods.

These activities have repeatedly proven to be costly, risky, and ultimately ineffective over the long-term.

Land use change, existing infrastructure, and increasing magnitude and frequency of storm events complicate

current river management efforts.

Channel construction and streambank stabilization are common components of restoration programs used to

rehabilitate natural process and form.  The goals of self-sustaining resiliency, ability to monitor desired

improvements, interdisciplinary recovery, adaptive management, and expansion of natural process are

critical to river restoration efforts.  Analytical, empirical, and analog design tools are available for river

restoration, and there is a recent move towards combined approaches to draw on the strengths of each.

Some existing manuals and documents present river restoration planning procedures; however, standardized

design guidelines are more difficult to create given the inherent differences between every project site.  A

more comprehensive planning process to better understand a project is the first step towards design stan-

dardization.  We advocate classifying the type of constructed channel or other practice based on geomor-

phic characteristics to create a clear vision of project constraints and potential, appropriate design tools, and

human dimensions.  This framework, combined with other selection charts for guiding specific types of
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project, will help organize the abundant existing river restoration information making it readily accessible for

design.

Readers interested in exploring a topic covered in this white paper in further detail are directed to the

reference library that contains important works that establish a topic, contain a comprehensive description,

present theory, and explore application (Appendix A).  In addition, information on the existing manuals on

streambank stabilization, channel design, the technical aspects of river restoration, roadways and river

corridor, monitoring, and river restoration policy guidelines may be obtained in the annotated bibliography

(Appendix B) and the accompanying electronic document library.



Page 58

7.0 BIBLIOGRAPHY

33 USC Sec. 62. 1972, Clean Water Act.

Allan, J. D., 1995. Stream Ecology: Structure and Function of Running Waters, Kluwer Academic
Publishers, Boston, MA.

Anderson, R. J., B. R. Bledsoe, and W. C. Hession, 2004. Width of Streams and Rivers in Response to
Vegetation, Bank Material, and Other Factors. Journal of The American Water Resources Association
40(5):1159-1172.

ASCE, 2003. Urban Stream Restoration. Journal of Hydraulic Engineering July:491-493.

Assani, A. A. and F. Petit, 2004. Impact of Hydroelectric Power Releases on the Morphology and
Sedimentology of the Bed of the Warche River (Belgium). Earth Surface Processes and Landforms
29(2):133-143.

Barbour, M. T., J. Gerritsen, B. D. Snyder, and J. B. Stribling, 1999. Rapid Bioassessment Protocols for
Use in Wadeable Streams and Rivers: Periphyton, Benthic Macroinvertebrates, and Fish, Second
Edition. EPA 841-B-99-002. US Environmental Protection Agency, Office of Water, Washington, DC.

Bash, J. S. and C. M. Ryan, 2002. Stream Restoration and Enhancement Projects: Is Anyone Monitoring?
Environmental Management 29(6):877-885.

Bell, M., 1985. The Face of Connecticut: People, Geology, and the Land (Bulletin 110), State Geological
and Natural History Survey of Connecticut, Department of Environmental Protection, Hartford, CT.

Bledsoe, B. P., C. C. Watson, and D. S. Biedenharn, 2002. Quantification of Incised Channel Evolution
and Equilibrium. Journal of The American Water Resources Association 38(3):861-870.

Booth, D. B., J. R. Karr, S. Schauman, C. P. Konrad, S. A. Morley, M. G. Larson, and S. J. Burger, 2004.
Reviving Urban Streams: Land Use, Hydrology, Biology, and Human Behavior. Journal of The
American Water Resources Association 40(5):1351-1364.

Boulton, A., S. Findlay, P. Marmonier, E. Stanley, and H. Valett, 1998. The Functional Significance of the
Hyporheic Zone in Streams and Rivers. Annual Review of Ecology and Systematics 29:59-81.

Brierley, G. J. and K. A. Fryirs, 2005. Geomorphology and River Management, Blackwell Publishing,
Malden, MA.

Brookes, A. and F. D. Shields (Editors), 1996. River Channel Restoration:  Guiding Principals for
Sustainable Projects, John Wiley & Sons, Inc., Chichester, UK.

Brown, K., 2000. Urban Stream Restoration Practices: An Initial Assessment. Center for Watershed
Protection, Ellicot City, MD.



Page 59

Bunte, K. and S. R. Abt, 2001. Sampling Surface and Subsurface Particle-Size Distributions in Wadeable
Gravel- and Cobble-Bed Streams for Analyses in Sediment Transport, Hydraulics, and Streambed
Monitoring. RMRS-GTR-74. Rocky Mountain Research Station, Fort Collins, CO.

Burns, M., 1998. Limitations of Hydraulic Geometry Techniques in Stream Restoration Design. In
Proceedings of: ASCE Wetlands Engineering and River Restoration Conference. Denver, CO

Castro, J. M. and P. L. Jackson, 2001. Bankfull Discharge Recurrence Intervals and Regional Hydraulic
Geometry Relationships: Patterns in the Pacific Northwest, USA. Journal of The American Water
Resources Association 37(5):1249-1262.

Chapman, D. H., 1974. New Hampshire’s Landscape: How It Was Formed. Department of Earth
Sciences, University of New Hampshire, Durham, NH.

Church, M. and J. M. Ryder, 1972. Paraglacial Sedimentation - a Consideration of Fluvial Processes
Conditioned by Glaciation. Geological Society of America Bulletin 83(10):3059-&.

Copeland, R. R., D. N. McComas, C. R. Thorne, P. J. Soar, M. M. Jonas, and J. B. Fripp, 2001.
Hydraulic Design of Stream Restoration Projects. ERDC/CHL TR-01-28.  U.S. Army Engineer
Research and Development Center, Vicksburg, MS.

Cramer, M., K. Bates, D. Miller, K. Boyd, L. Fotherby, P. Skidmore, and T. Hoitsma, 2002. Integrated
Stream Protection Guidelines. Washington State Aquatic Habitat Guidelines Program (Seattle District
U.S. Army Corps of Engineers and the Washington Departments of Ecology, Fish and Wildlife, and
Transportation), Seattle, WA.

Cramer, M., K. Bates, D. Miller, K. Boyd, L. Fotherby, P. Skidmore, and T. Hoitsma, 2003. Integrated
Stream Protection Guidelines. Washington State Aquatic Habitat Guidelines Program (Seattle District
U.S. Army Corps of Engineers and the Washington Departments of Ecology, Fish and Wildlife, and
Transportation), Seattle, WA.

Crowder, D. W. and H. V. Knapp, 2005. Effective Discharge Recurrence Intervals of Illinois Streams.
Geomorphology 64(3-4):167-184.

Cummins, K. W., M. A. Wilzbach, D. M. Gates, J. B. Perry, and W. B. Taliaferro, 1989. Shredders and
Riparian Vegetation. BioScience 39(1):24-30.

Davis, W. M., 1899. The Geographical Cycle. Geographical Journal 14:481-504.

de Boer, D. H., M. A. Hassan, B. MacVicar, and M. Stone, 2005. Recent (1999-2003) Canadian
Research on Contemporary Processes of River Erosion and Sedimentation, and River Mechanics.
Hydrological Processes 19(1):265-283.

Doll, B. A., G. Grabow, K. Hall, J. Halley, W. Harman, G. Jennings, and D. Wise, 2003. Stream
Restoration: A Natural Channel Design Handbook. NC Stream Restoration Institute, NC State
University, Raleigh, NC.

Eubanks, C. E. and D. Meadows, 2002. A Soil Bioengineering Guide for Streambank and Lakeshore
Stabilization. FS-683. U.S. Department of Agriculture Forest Service, San Dimas, CA.



Page 60

Fausch, K. D., C. E. Torgersen, C. V. Baxter, and H. W. Li, 2002. Landscapes to Riverscapes: Bridging
the Gap between Research and Conservation of Stream Fishes. BioScience 52(6):483-498.

FHWA, 1961. Design Charts for Open Channel Flow. Federal Highway Administration, Washington, DC.

FHWA, 1983. Hydraulic Design of Energy Dissipaters for Culverts and Channels (HEC-14, Fhwa-Epd-
86-110). Federal Highway Administration, Washington, DC.

Firehock, K., J. Doherty, and J. West, 1995. A Citizen’s Streambank Restoration Handbook. Save Our
Streams Program, Izaak Walton League of America, Inc., Gaithersburg, MD.

Fischenich, J. C., 2001. Stability Thresholds for Stream Restoration Materials. ERDC TN-EMRRP-SR-
29.  U.S. Army Engineer Research and Development Center, Vicksburg, MS.

Fischenich, J. C., 2003. Effects of Riprap on Riverine and Riparian Ecosystems. ERDC/EL TR-03-4. U.S.
Army Engineer Research and Development Center, Vicksburg, MS.

FISRWG, 1998. Stream Corridor Restoration:  Principals, Processes, and Practices. The Federal
Interagency Stream Restoration Working Group (FISRWG) (15 Federal Agencies of the US
Government).  GPO Item No. 0120-A; SuDocs No. A 57.6/2:EN 3/PT.653.  ISBN-0-934213-59-3.

Flosi, G., S. Downie, M. Bird, R. Coey, and B. Collins, 2002. California Salmonid Stream Habitat
Restoration Manual. State of California, The Resources Agency, Department of Fish and Game, Native
Anadromous Fish and Watershed Branch, Sacramento, CA.

Franti, T. G., 1996. Bioengineering for Hillslope, Streambank, and Lakeshore Erosion Control. Cooperative
Extension, Institute of Agriculture and Natural Resources, University of Nebraska-Lincoln, Lincoln, NB.

Frissell, C. A., W. J. Liss, C. E. Warren, and M. D. Hurley, 1986. A Hierarchical Framework for Stream
Habitat Classification: Viewing Streams in a Watershed Context. Environmental Management
10(2):199-214.

GASWCC, 2000. Guidelines for Streambank Restoration. Georgia Soil and Water Conservation
Commission and Robbin B. Sotir Associates, Athens, GA.

Gillilan, S., K. Boyd, T. Hoitsma, and M. Kauffman, 2005. Challenges in Developing and Implementing
Ecological Standards for Geomorphic River Restoration Projects: A Practitioner’s Response to Palmer
Et Al. (2005). Journal of Applied Ecology 42(2):223-227.

Gregory, K. J. and A. Chin, 2002. Urban Stream Channel Hazards. Area 34(3):312-321.

Gregory, S. V., F. J. Swanson, W. A. McKee, and K. W. Cummins, 1991. An Ecosystem Perspective of
Riparian Zones. BioScience 41(8):540-551.

Harrelson, C. C., C. L. Rawlins, and J. P. Potyondy, 1994. Stream Channel Reference Sites: An Illustrated
Guide to Field Techniques. Gen. Tech. Rep. Rm-245. United States Department of Agriculture, Forest
Service, Rocky Mountain Forest and Ranger Station, Fort Collins, CO.

Hey, R. D. and C. R. Thorne, 1986. Stable Channels with Mobile Gravel Beds. Journal of Hydraulic
Engineering - ASCE 112(8):671-689.



Page 61

Holling, C. (Editor), 1978. Adaptive Environmental Assessment and Management, John Wiley, New York,
NY.

Horton, R. E., 1945. Erosional Development of Streams and Their Drainage Basins; Hydrophysical
Approach to Quantitative Morphology. Geological Society of America Bulletin 56:275-370.

Hynes, H. B., 1975. The Stream and Its Valley. Verhandlungen der Internationalen Vereinigung fuer
Theoretische und Angewandte Limnologie 19:1-15.

James, A., 1999. Time and the Persistence of Alluvium: River Engineering, Fluvial Geomorphology, and
Mining Sediment in California. Geomorphology 31(1-4):265-290.

Jansson, R., H. Backx, A. J. Boulton, M. Dixon, D. Dudgeon, F. M. R. Hughes, K. Nakamura, E. H.
Stanley, and K. Tockner, 2005. Stating Mechanisms and Refining Criteria for Ecologically Successful
River Restoration: A Comment on Palmer Et Al. (2005). Journal of Applied Ecology 42(2):218-222.

Johnson, F. and F. Chang, 1984. Drainage of Highway Pavements (HEC No. 12, Fhwa-Ts-84-202).
Office of Implementation, Federal Highway Administration, U.S. Department of Transportation,
McLean, VA.

Kauffman, J. B., R. L. Beschta, N. Otting, and D. Lytjen, 1997. An Ecological Perspective of Riparian and
Stream Restoration in the Western United States. Fisheries 22(5):12-24.

Kelly, F., 2001. Restoration of Urban Streams: Practical Evaluation of Options for 319(H) Funded
Projects. Natural Resource Conservation Service, U.S. Department of Agriculture, Washington, DC.

Kilgore, R. and G. Cotton, 2005. Design of Roadside Channels with Flexible Linings (HEC 15, Fhwa-Nhi-
05-114). Office of Bridge Technology, National Highway Institute, Federal Highway Administration,
Arlington, VA.

Knox, J. C., 1977. Human Impacts on Wisconsin Stream Channels. Annals of the Association of American
Geographers 67(3):323-342.

Kondolf, G. M., M. W. Smeltzer, and L. Kimball, 2001a. White Paper - Freshwater Gravel Mining and
Dredging Issues. Washington Departments of Fish and Wildlife, Ecology and Transportation, Olympia,
WA.

Kondolf, G. M., M. W. Smeltzer, and S. F. Railsback, 2001b. Design and Performance of a Channel
Reconstruction Project in a Coastal California Gravel-Bed Stream. Environmental Management
28(6):761-776.

Kondolf, G. M. and M. L. Swanson, 1993. Channel Adjustments to Reservoir Construction and Gravel
Extraction Along Stony-Creek, California. Environmental Geology 21(4):256-269.

Konrad, C. P., 2003. Opportunities and Constraints for Urban Stream Rehabilitation. In: Restoration of
Puget Sound Rivers, D. R. Montgomery, S. Bolton, D. B. Booth, and L. Wall (Editors). University of
Washington Press, Seattle, WA.



Page 62

KST, 2002. Guidelines for Natural Stream Channel Design for Pennsylvania Waterways. Keystone Stream
Team, Canaan Valley Institute, and Alliance for the Chesapeake Bay, Williamsport, PA.

Lacey, G., 1930. Stable Channels in Alluvium. In Proceedings of: The Institution of Civil Engineers, Volume
229. H. Jeffcot (Editor). The Institution, London, UK.

Lagasse, P., M. Byars, L. Zevenbergen, and P. Clopper, 1997. Bridge Scour and Stream Instability
Countermeasures (HEC-23, Fhwa-Hi-97-030). Federal Highway Administration, National Highway
Institute, Arlington, VA.

Lagasse, P., J. Schall, F. Johnson, E. V. Richardson, J. Richardson, and F. Chang, 1991. Stream Stability at
Highway Structures (HEC-20, Fhwa-Ip-90-014). Office of Technology, Federal Highway
Administration, Washington, DC.

Lane, E. W., 1955. The Importance of Fluvial Morphology in Hydraulic Engineering. In Proceedings of:
American Society of Civil Engineering, Journal of the Hydraulics Division. 81(paper 745):1-17.

LCSMC, 2002. Streambank and Shoreline Protection Manual. Lake County Stormwater Management
Commission, Lake County Planning, Building, and Development Department, and U.S. Department of
Agriculture Natural Resource Conservation Service, Waukegan, IL.

Leopold, L. B. and W. B. Maddock, 1953. The Hydraulic Geometry of Stream Channels and Some
Physiographic Implications. USGS Professional Paper 252. U.S. Geologic Survey, Washington, DC.

Leopold, L. B. and M. G. Wolman, 1957. River Channel Patterns: Braided, Meandering, and Straight. U.S.
Geological Survey Professional Paper 282-B, Washington, DC.

Lessard, J. L. and D. B. Hayes, 2003. Effects of Elevated Water Temperature on Fish and
Macroinvertebrate Communities Below Small Dams. River Research and Applications 19(7):721-732.

Lewis, J., S. Mori, E. Keppeler, and R. Ziemer, 2001. Impacts of Logging on Storm Peak Flows, Flow
Volumes and Suspended Sediment Loads in Casper Creek, California. In: Land Use and Watersheds:
Human Influence on Hydrology and Geomorphology in Urban and Forest Areas, M. Wigmosta and S.
Burges (Editors). American Geophysical Union, Washington, DC.

Light, A., 2000. Ecological Restoration and the Culture of Nature: A Pragmatic Perspective. In: Restoring
Nature: Perspectives from the Social Sciences and Humanities, P. H. Gobster and R. B. Hull (Editors).
Island Press, Washington, DC.

MacBroom, J. G., 1998. The River Book, Connecticut Department of Environmental Protection, Hartford,
CT.

Malakoff, D., 2004. The River Doctor. Science 205:937-939.

MARSCP, 2006. Massachusetts River and Stream Crossing Standards. The Massachusetts River and
Stream Crossing Partnership including University of Massachusetts Amherst, MA Riverways Program,
and The Nature Conservancy, Amherst, MA.



Page 63

May, C. W., R. R. Horner, J. R. Karr, B. W. Mar, and E. B. Welch, 1997. Effects of Urbanization on Small
Streams in the Puget Sound Lowland Ecoregion. Watershed Protection Techniques 2(4):483-494.

MDE, 2000. Maryland’s Waterway Construction Guidelines. Maryland Department of the Environment,
Water Management Administration, Baltimore, MD.

MEDOT, 2004. Maine Fish Passage Policy & Design Guide. Maine Department of Transportation,
Augusta, ME.

Millar, R. G. and M. C. Quick, 1993. Effect of Bank Stability on Geometry of Gravel Rivers. Journal of
Hydraulic Engineering - ASCE 119(12):1343-1363.

Miller, D., P. Skidmore, and D. White, 2001. Channel Design (White Paper). Inter-Fluve, Inc., Submitted
to Washington Departments of Fish and Wildlife, Ecology, and Transportation, Seattle, WA.

Moerke, A. H., K. J. Gerard, J. A. Latimore, R. A. Hellenthal, and G. A. Lamberti, 2004. Restoration of an
Indiana, USA, Stream: Bridging the Gap between Basic and Applied Lotic Ecology. Journal of the
North American Benthological Society 23(3):647-660.

Montgomery, D. R. and J. M. Buffington, 1993. Channel Classification, Prediction of Channel Response,
and Assessment of Channel Condition (Tfw-Sh10-93-002). Timber, Fish, and Wildlife Agreement,
Department of Natural Resources, Olympia, WA.

Montgomery, D. R. and J. M. Buffington, 1997. Channel-Reach Morphology in Mountain Drainage Basins.
Geological Society of America Bulletin 109(5):596-611.

Montgomery, D. R. and K. B. Gran, 2001. Downstream Variations in the Width of Bedrock Channels.
Water Resources Research 37(6):1841-1846.

Mount, J. F., 1984. California Rivers and Streams, University of California Press, Berkeley, CA.

Nash, D. B., 1994. Effective Sediment-Transporting Discharge from Magnitude-Frequency Analysis.
Journal of Geology 102(1):79-95.

NCDENR, 2001. Internal Technical Guide for Stream Work in North Carolina. Division of Land
Resources, Division of Water Quality, North Carolina Department of Environment and Natural
Resources, and the U.S. Army Corps of Engineers, Raleigh, NC.

NERAG, 2001. Preparing for a Changing Climate - the Potential Consequences of Climate Variability and
Change; New England Regional Overview. U.S. Global Change Research Program, New England
Regional Assessment Group, University of New Hampshire, Durham, NH.

NH, 2005. The New Hampshire Almanac. http://www.nh.gov/nhinfo/. The New Hampshire State Library,
revised from an article in the State of New Hampshire Manual for the General Court 1977, pp 115-
124, published by the New Hampshire Department of State.

NHDES, 1997. A Guide to River Corridor Management Plans. R–CO–97–3. NH Department of
Environmental Services, Concord, NH.



Page 64

Niezgoda, S. L. and P. A. Johnson, 2005. Improving the Urban Stream Restoration Effort: Identifying
Critical Form and Processes Relationships. Environmental Management 35(5):579-592.

Nilsson, C., F. Lepori, B. Malmqvist, E. Tornlund, N. Hjerdt, J. M. Helfield, D. Palm, J. Ostergren, R.
Jansson, E. Brannas, and H. Lundqvist, 2005. Forecasting Environmental Responses to Restoration of
Rivers Used as Log Floatways: An Interdisciplinary Challenge. Ecosystems 8(7):779-800.

Normann, J., R. Houghtalen, and W. Johnston, 1985. Hydraulic Design of Highway Culverts. Office of
Implementation, Federal Highway Administration, U.S. Department of Transportation, McLean, VA.

NRC, 1992. Restoration of Aquatic Ecosystems: Science, Technology, and Public Policy, National
Academy Press, Washington, DC.

NRCS, 1996. Chapter 16 of the Engineering Field Handbook:  Streambank and Shoreline Protection. 210-
vi-EFH.  U.S. Department of Agriculture, Natural Resources Conservation Service, Washington, DC.

NRCS, 2005. Stream Restoration Design Handbook (Draft 2). U.S. Department of Agriculture, Natural
Resources Conservation Service, Washington, DC.

OhioEPA, 2001. Qualitative Habitat Evaluation Index (QHEI). EPA 4520. Ohio Environmental Protection
Agency, Columbus, OH.

OMNR, 2001. Adaptive Management of Stream Corridors in Ontario and Natural Hazards Technical
Guides (CD-ROM). Ontario Ministry of Natural Resources, Peterborough, Ontario, Canada.

OPSW, 1999. Oregon Aquatic Habitat: Restoration and Enhancement Guide. The Oregon Plan for Salmon
and Watersheds, Oregon Watershed Enhancement Board, Salem, OR.

Ormerod, S. J., 2004. A Golden Age of River Restoration Science? Aquatic Conservation-Marine and
Freshwater Ecosystems 14(6):543-549.

Palmer, M. A., E. S. Bernhardt, J. D. Allan, P. S. Lake, G. Alexander, S. Brooks, J. Carr, S. Clayton, C. N.
Dahm, J. F. Shah, D. L. Galat, S. G. Loss, P. Goodwin, D. D. Hart, B. Hassett, R. Jenkinson, G. M.
Kondolf, R. Lave, J. L. Meyer, T. K. O’Donnell, L. Pagano, and E. Sudduth, 2005. Standards for
Ecologically Successful River Restoration. Journal of Applied Ecology 42(2):208-217.

Pelletier, J. D., L. Mayer, P. A. Pearthree, P. K. House, K. A. Demsey, J. E. Klawon, and K. R. Vincent,
2005. An Integrated Approach to Flood Hazard Assessment on Alluvial Fans Using Numerical
Modeling, Field Mapping, and Remote Sensing. Geological Society of America Bulletin 117(9-
10):1167-1180.

Postal, S. and B. D. Richter, 2003. Rivers for Life: Managing Water for People and Nature, Island Press,
Washington, DC.

Ralph, S. C. and G. C. Poole, 2003. Putting Monitoring First:  Designing Accountable Ecosystem
Restoration and Management Plans. In: Restoration of Puget Sound Rivers, D. R. Montgomery, S.
Bolton, D. B. Booth, and L. Wall (Editors). University of Washington Press, Seattle, WA.



Page 65

Richardson, E. V. and S. R. Davis, 1995. Evaluating Scour at Bridges (HEC-18). Office of Technology,
Federal Highway Administration, Washington, DC.

Richardson, E. V., D. B. Simons, and P. F. Lagasse, 2001. River Engineering for Highway Encroachments:
Highways in the River Environment. FHWA NHI 01-004. U.S. Department of Transportation, Federal
Highway Administration, National Highway Institute, Washington, DC.

Richter, B. D., J. V. Baumgartner, J. Powell, and D. P. Braun, 1996. A Method for Assessing Hydrologic
Alteration within Ecosystems. Conservation Biology 10(4):1163-1174.

Rosgen, D. and L. Silvey, 1996. Applied River Morphology, Wildland Hydrology, Pagosa Springs, CO.

Rosgen, D. and L. Silvey, 1998. Field Guide for Stream Classification, Wildland Hydrology, Pagosa
Springs, CO.

Rosgen, D. L., 1994. A Classification of Natural Rivers. Catena 22(3):169-199.

Saldi-Caromile, K., K. Bates, P. Skidmore, J. Barenti, and D. Pineo, 2004. Stream Habitat Restoration
Guidelines (Final Draft). Washington Departments of Fish and Wildlife and Ecology and the U.S. Fish
and Wildlife Service, Olympia, WA.

Schiff, R., 2005. Evaluating the Effects of Applied Stream Restoration:  Instream Habitat and Scales of
Influence in Two Streams with Partially Developed Watersheds. Ph.D. Dissertation. Yale University,
New Haven, CT.

Schiff, R. and G. Benoit, in review. Effects of Impervious Cover at Multiple Scales on Coastal Watershed
Streams. Journal of the American Water Resources Association.

Schueler, T., 2004. Urban Subwatershed Restoration Manual No. 1: An Integrated Framework to Restore
Small Urban Watersheds. Center for Watershed Protection, Ellicot City, MD.

Schueler, T. and K. Brown, 2004. Urban Subwatershed Restoration Manual No. 4: Urban Stream Repair
Practices. Center for Watershed Protection, Ellicot City, MD.

Schumm, S. A., 1977. The Fluvial System, John Wiley and Sons, New York, NY.

Schumm, S. A., M. D. Harvey, and C. Watson, 1984. Incised Channels: Morphology, Dynamics and
Control, Water Resources Publications, Littleton, CO.

Schumm, S. A. and R. W. Lichty, 1965. Time, Space, and Causality in Geomorphology. American Journal
of Science 263:110-119.

Shields, F., C. Cooper, S. Knight, and M. Moore, 2003a. Stream Corridor Restoration Research: A Long
and Winding Road. Ecological Engineering 20(5):441-454.

Shields, F. D., R. R. Copeland, P. C. Klingeman, M. W. Doyle, and A. Simon, 2003b. Design for Stream
Restoration. Journal of Hydraulic Engineering - ASCE 129(8):575-584.

Shields, F. D., S. S. Knight, and C. M. Cooper, 1998. Rehabilitation of Aquatic Habitats in Warmwater
Streams Damaged by Channel Incision in Mississippi. Hydrobiologia 382:63-86.



Page 66

Simon, A., 1989. A Model of Channel Response in Disturbed Alluvial Channels. Earth Surface Processes
and Landforms 14(1):11-26.

Simon, A., 1992. Energy, Time, and Channel Evolution in Catastrophically Disturbed Fluvial Systems.
Geomorphology 5(3-5):345-372.

Simon, A. and A. J. C. Collison, 2002. Quantifying the Mechanical and Hydrologic Effects of Riparian
Vegetation on Streambank Stability. Earth Surface Processes and Landforms 27(5):527-546.

Simon, A., M. Doyle, G. M. Kondolf, F. D. Shields, B. L. Rhoads, G. E. Grant, F. A. Fitzpatrick, K. E.
Juracek, M. McPhillips, and J. G. MacBroom, 2005. How Well Do the Rosgen Classification and
Associated “Natural Channel Design” Methods Integrate and Quantify Fluvial Processes and Channel
Response. In Proceedings of: Environmental And Water Resources Institute World Congress. HTTP://
ASCELIBRARY.ORG/2005CONFERENCES/ASCECP000173040792, Anchorage, AK

Simons, D. B. and M. Albertson, 1960. Uniform Water Conveyance Channels in Alluvial Material. ASCE
Journal of the Hydraulics Division

Smith, S., P. Bereciartua, P. A. Johnson, and J. Haltiner, 1999. Channel Design and the Forgotten
Floodplain. Presented at the: ASCE Water Resources Engineering Conference, Seattle, WA.

Soar, P. J. and C. R. Thorne, 2001. Channel Restoration Design for Meandering Rivers. ERDC/CHL CR-
01-1. U.S. Army Engineer Research and Development Center, Vicksburg, MS.

STOPPP, 2000. Erosion and Sediment Controls for Riparian Areas (Draft). San Mateo Countywide
Stormwater Pollution Prevention Program, Redwood City, CA.

Strahler, A. N., 1952. Hypsometric (Area-Altitude) Analysis of Erosional Topography. Bulletin of the
Geological Society of America 63:1117-1142.

Sweeney, S. and S. Simpson, 2003. Generic Quality Assurance Project Plan for Stream Morphology Data
Collection. Prepared by Provan & Lorber, Inc. for the New Hampshire Department of Environmental
Services, Littleton, NH.

Torizzo, M. and J. Pitlick, 2004. Magnitude-Frequency of Bed Load Transport in Mountain Streams in
Colorado. Journal of Hydrology 290(1-2):137-151.

TRANS, 2001. Fish Habitat Manual: Guidelines and Procedures for Watercourse Crossings in Alberta.
Alberta Transportation and Golder Associates, Edmonton, Alberta Canada.

Trimble, S. W., 1997. Contribution of Stream Channel Erosion to Sediment Yield from an Urbanizing
Watershed. Science 278(5342):1442-1444.

USACOE, 1994. Channel Stability Assessment for Flood Control Projects. EM 1110-2-1418. United
States Army Corps of Engineers, Washington, DC.

USEPA, 2000. Principals for the Ecological Restoration of Aquatic Resources. EPA841-F-00-003. Office
of Water (4501F), United States Environmental Protection Agency, Washington, DC.



Page 67

USFWS, 2000. Guidelines for Instream Habitat Restoration Projects. U.S. Fish and Wildlife Service,
Region 6, Denver, CO.

USFWS, 2001. Policy on Streambank Stabilization Projects. U.S. Fish and Wildlife Service, Region 6,
Denver, CO.

VTANR, 2004. Vermont Stream Geomorphic Assessment Protocol Handbooks: Remote Sensing and Field
Surveys Techniques for Conducting Watershed and Reach Level Assessments (Http://
Www.Anr.State.Vt.Us/Dec/Waterq/Rivers/Htm/Rv_Geoassesspro.Htm). Acquired via the internet 9/
19/05. Vermont Agency of Natural Resources, Department of Environmental Conservation, Division of
Water Quality, River Management Program, Waterbury, VT.

VTDEC, 1999. River Gravel Excavation: When, Where and Why It Should or Should Not Be Done.
Vermont Department of Environmental Conservation, Waterbury, VT.

Wallerstein, N. P. and C. R. Thorne, 2004. Influence of Large Woody Debris on Morphological Evolution
of Incised, Sand-Bed Channels. Geomorphology 57(1-2):53-73.

Walter, J., D. Hughes, N. J. Moore, F. Inoue, and G. Muhlberg, 2005. Streambank Revegetation and
Protection: A Guide for Alaska. Alaska Department of Fish and Game, Juneau, AK.

Watson, C., D. Biedenharn, and S. Scott, 1999. Channel Rehabilitation: Processes, Design, and
Implementation. U.S. Army Engineer Research and Development Center, Vicksburg, MI.

White, P. S. and J. L. Walker, 1997. Approximating Nature’s Variation: Selecting and Using Reference
Information in Restoration Ecology. Restoration Ecology 5(4):338-349.

Williams, G. P., 1978. Bank-Full Discharge of Rivers. Water Resources Research 14(6):1141-1154.

Wohl, E., J. N. Kuzma, and N. E. Brown, 2004. Reach-Scale Channel Geometry of a Mountain River.
Earth Surface Processes and Landforms 29(8):969-981.

Wolman, M. G., 1954. A Method of Sampling Course River-Bed Material. Transactions of American
Geophysical Union 35:951-956.

Wolman, M. G. and J. P. Miller, 1960. Magnitude and Frequency of Forces in Geomorphic Process.
Journal of Geology 68:54-74.

Yearke, L. W., 1971. River Erosion Due to Channel Relocation. Civil Engineering 41(8):39.



Page A1

APPENDIX A:  SELECTED FLUVIAL GEOMORPHOLOGY,

STREAMBANK STABILIZATION, NATURAL CHANNEL DESIGN, AND

RELATED REFERENCES (LAST UPDATED 5/8/06)

The following collection of references constitutes a selection of important papers and recent research
covering topics related to fluvial geomorphology, streambank stabilization, and natural channel design.  The
amount of research taking place in these fields has greatly expanded over the past century making a
comprehensive literature survey in all of the disciplines impractical and beyond the scope of this work.
Nevertheless, the selected seminal works1, general concept papers2, technical theory documents3,
application reports and manuals4, and reviews5 listed here provide detailed information on the key principals
of various aspects of fluvial geomorphology and how they are applied during natural channel design and
streambank stabilization projects.  An understanding of the fundamentals of the physical aspects of river
systems (i.e., fluvial geomorphology, sediment transport, hydraulic geometry, dominant discharge, meander
formation, stream channel classification, stream channel evolution, streambed movement, and streambank
stability) will increase the likelihood of planning, designing, and installing successful stream rehabilitation
projects where natural dynamics have been altered to achieve overall restoration goals.

Within each subject table references are listed in chronological order, and thus seminal works tend to appear
first while application and review papers are at the end of the list.  Superscripts indicate reference type,
where multiple numbers are listed in decreasing order of applicability.  For example, a superscript of "5,2,3"
would indicate a review paper that covers general concepts and a little bit of theory.  A superscript of "3,2"
would signify a mostly theoretical paper with some general concept presentation.

Reference Type
1Seminal work
2General concept
3Technical theory
4Application
5Review

Fluvial Geomorphology

Lacey, G., 1930. Stable Channels in Alluvium. In Proceedings of: The Institution of Civil Engineers, Volume
229, (H. Jeffcot). The Institution, London, UK. 1,2,3

Mackin, J. H., 1948. Concept of the Graded River. Geological Society of America Bulletin 59(5):463-511.
1,2,3

Lane, E. W., 1955. The Importance of Fluvial Morphology in Hydraulic Engineering. In Proceedings of:
American Society of Civil Engineering, Journal of the Hydraulics Division, 81(paper 745):1-17. 1,2,3
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Blanch, T., 1969. Mobil-Bed Fluviology, University of Alberta Press, Edmonton, AB. 1,2,4

Leopold, L. B., M. G. Wolman, and J. P. Miller, 1964. Fluvial Processes in Geomorphology, Dover
Publications, Inc., New York. 2,3,4

Schumm, S. A. and R. W. Lichty, 1965. Time, Space, and Causality in Geomorphology. American Journal
of Science 263:110-119. 1,2,3

MacBroom, J. G., 1981. Applied Fluvial Geomorphology. Report No. 31. The Institute of Water
Resources, University of Connecticut, Storrs, CT. 2,3,4

Leopold, L. B., 1994. A View of the River, Harvard University Press, Cambridge, MA. 2,3

Church, M., 2002. Geomorphic Thresholds in Riverine Landscapes. Freshwater Biology 47:541-557. 2,3,4

Chin, A. and E. Wohl, 2005. Toward a Theory for Step Pools in Stream Channels. Progress in Physical
Geography 29(3):275-296. 5,2,3

de Boer, D. H., M. A. Hassan, B. MacVicar, and M. Stone, 2005. Recent (1999-2003) Canadian
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Hydrological Processes 19(1):265-283. 5,2,3

Hardy, R. J., 2005. Fluvial Geomorphology. Progress in Physical Geography 29(3):411-425. 5,2,3

Sediment Transport (and Particle Size Measurement)

Wolman, M. G., 1954. A Method of Sampling Course River-Bed Material. Transactions of American
Geophysical Union 35:951-956. 1,4

Thorne, C. R., J. C. Bathurst, and R. D. Hey (Editors), 1987. Sediment Transport in Gravel-Bed Rivers,
John Wiley & Sons. Inc., London, UK. 2,3,4

Chang, H., 1988. Fluvial Processes in River Engineering, John Wiley & Sons, Inc., New York, NY. 1,2,3,4

Kondolf, G. M., 1997. Application of the Pebble Count: Notes on Purpose, Method, and Variants. Journal
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Bunte, K. and S. R. Abt, 2001. Sampling Surface and Subsurface Particle-Size Distributions in Wadeable
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Monitoring. RMRS-GTR-74. Rocky Mountain Research Station, Fort Collins, CO. 2,3,4,5

Wilcock, P. R., 2001. Toward a Practical Method for Estimating Sediment-Transport Rates in Gravel-Bed
Rivers. Earth Surface Processes and Landforms 26(13):1395-1408. 2,4
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Hydraulic Geometry

Leopold, L. B. and W. B. Maddock, 1953. The Hydraulic Geometry of Stream Channels and Some
Physiographic Implications. USGS Professional Paper 500A. U.S. Geologic Survey, Washington, DC.
1,4

Hey, R. D. and C. R. Thorne, 1986. Stable Channels with Mobile Gravel Beds. Journal of Hydraulic
Engineering - ASCE 112(8):671-689. 1,2,3,4

Simons, D. B. and M. Albertson, 1960. Uniform Water Conveyance Channels in Alluvial Material. ASCE
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Meander Formation
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APPENDIX B:  ANNOTATED BIBLIOGRAPHY OF EXISTING MANUALS

AND GUIDELINES ON STREAMBANK STABILIZATION, NATURAL

CHANNEL DESIGN, AND STREAM RESTORATION (UPDATED 5/8/06)

Streambank Stabilization

Federal Government

A Soil Bioengineering Guide for Streambank and Lakeshore Stabilization (Eubanks and Meadows,
2002)
http://www.fs.fed.us/publications/soil-bio-guide/

A comprehensive guide on planning and implementing soil bioengineering that includes detailed specifications
on application techniques.  The watershed/stream interaction is emphasized to help understand how reach-
scale projects might best be designed and what effects might occur.  The connection between upland and
stream, the riparian ecosystem, is addressed in depth to frame the importance and challenges of the
stabilization of streambanks.  The use of an interdisciplinary team is advocated to increase the odds of
reaching the desired future condition, which must be clearly identified at the outset of the project.  Useful
design specifications are presented, along with an example of monitoring forms.  A recommended monitoring
timeline is presented that should be performed for all projects to increase the chances of meeting project
goals.  Well-documented case studies offer sound project guidance.  The guide concludes with an instructive
listing of bioengineering techniques, each of which includes purpose, application, construction guidelines,
inert materials list, installation directions, and photographic examples.  Plant lists and blank field forms are
located in the appendices.

Chapter 16 of the Engineering Field Handbook:  Streambank and Shoreline Protection (NRCS, 1996)
http://wildfish.montana.edu/manuals/EFH-Ch16.pdf

Covers structural, soil bioengineering, and vegetation of streambanks.  This document offers restoration
planning and design guidance, in addition to detailed specifications of a variety of streambank protection
techniques.  Dimensions and installation recommendations are presented for many of the popular soft and
hard bank stabilization methods.  Appendix A contains the Isbash methodology to determining riprap size
and Appendix B has a regional plant list to be used for revegetating streambanks.
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Effects of Riprap on Riverine and Riparian Ecosystems (Fischenich, 2003)
http://el.erdc.usace.army.mil/wrap/pdf/trel03-4.pdf

Evaluates the environmental impacts associated with riprap applications for streambank stabilization.  Riprap
has mixed effects on aquatic organisms, with the majority of coldwater applications leading to impacts and
most warmwater applications being beneficial.  The discrepancy is likely a function of many factors (e.g.,
existing habitat and riprap specifications), and thus potential impacts on biological communities must be
addressed on a site-by-site basis.  The effects of riprap on stream function also vary.  Riprap alters stream
morphologic evolution by reducing or eliminating lateral stream migration and prevents riparian plant
succession.  Riprap has limited impacts on the hydrologic balance, with the exception of the chance for
increased local water surface elevations due to near-bank velocity reduction and backwatering.  Sediment
dynamics tend to be altered by riprap application where local scour and deposition are frequently
encountered and persist for various lengths of time after installation.  Riprap can improve habitat by offering
underwater interstitial voids for macroinvertebrates and juvenile fish, however, in many instances the loss of
bank and riparian vegetation reduce cover and terrestrial food inputs.  Water quality impacts of riprap are
presumed to be minor.  Some construction specifications are given for stone size, revetment dimensions,
deflectors, the incorporation of vegetation, grade control, and sound installation procedures.

State Government

Integrated Stream Protection Guidelines (Cramer et al., 2002)

This document published by the Washington State Aquatic Habitat Guidelines Program reviews current
scientific thinking on streambank protection, site/reach assessments to identify mechanisms of problems and
possible solutions, project selection options, and the techniques used to protect streambanks.  WA state
agencies are applying the guidelines for fish habitat improvement, nonpoint source pollution reduction, a tool
for hydraulic project review, methods for mitigation of streambank effects associated with highways, and
general watershed recovery work.  The descriptions of the processes important to understanding local and
reach modes of bank failure is helpful for thinking of how the present conditions evolved and how one might
go about a streambank rehabilitation project.  When considering a solution to a problem, factors such as
overall objectives, risk and cost, habitat needs, scale of impacts, and adaptive management are important.
Project type selection matrices are presented that help match solutions with problems.  Finally, the detailed
accounting of streambank protection techniques contains a description, application notes, effects, design
considerations, biological considerations, potential risk, construction considerations, cost, maintenance and
monitoring.  Appendices are included that cover relevant theory on hydrology, hydraulics, geomorphology.
The guiding principals of the Washington Aquatic Habitat Guidelines Steering Committee that published this
document are very useful over-arching principals that have broad application to stream rehabilitation
projects and the concept of system restoration.  The guiding principals accurately incorporate current
scientific thinking on important natural processes, an understanding of the relationship between humans and
water resources, and holistic goals of stream work.
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Streambank and Shoreline Protection Manual (LCSMC, 2002)
http://www.co.lake.il.us/planning/pdfs/StrmManual.pdf

This document is largely a slimmed down version of the Chapter 16 in the NRCS Engineering Field
Handbook (NRCS, 1996).  Assessment, project selection, and design options (vegetative versus structural)
are presented, along with specifications of selected practices.  A useful table linking practice type to both
where it is applicable and the problem addressed help guide streambank stabilization.

Streambank Revegetation and Protection: A Guide for Alaska (Walter et al., 2005)
http://www.sf.adfg.state.ak.us/sarr/restoration/techniques/images/reveg%20manual%20lo.pdf

This document offers useful technical details on proven revegetation and bioengineering techniques from
stream restoration projects in Alaska.  Lists of pointers to enhance growth of vegetation and rapid bank
stabilization are given.

Guidelines for Streambank Restoration (GASWCC, 2000)
http://gaswcc.georgia.gov/vgn/images/portal/cit_1210/60/20/
31110081Guidelines_Streambank_Restoration.pdf

A booklet published by the Georgia Soil and Water Conservation Commission to assist riparian land owners
with erosion prevention and streambank restoration.  The document is geared towards addressing small-
scale projects, and offers lists of project steps and advice.  Specification sheets for common bioengineering
practices are supplied.  Part of the information, writing, and images for the document were produced by
Robbin B. Sotir & Associates.

Bioengineering for Hillslope, Streambank and Lakeshore Erosion Control (Franti, 1996)
http://ianrpubs.unl.edu/Soil/g1307.htm

This document contains a qualitative overview of bioengineering history, techniques, and application.  A
section on improving the odds of successful projects gives pointers on application.

Non-profit

A Citizen’s Streambank Restoration Handbook (Firehock et al., 1995)

This Izaak Walton League publication offers an overview of stream processes and basic application
techniques to streambank stabilization.  The background, rough design details, and planning information are
useful for projects that are small in size and scope.
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‘Natural Channel Design’

Federal Government

Channel Restoration Design for Meandering Rivers (Soar and Thorne, 2001)
http://wildfish.montana.edu/manuals/Channel_Restoration_Design_for_Meandering_Rivers.pdf

A U.S. Army Corps of Engineers technical guidance document for the design of stream channels based on a
multidisciplinary method primarily combining traditional hydraulic engineering and principals of fluvial
geomorphology (i.e., the ‘geomorphic engineering approach’).  The document promotes channel restoration
design that results in a stable geometry that is self-sustaining for the given flow and sediment dynamics.  An
in-depth historical review of both the engineering and geomorphology approach to channel design is
presented, along with fundamental theory of both fields.  The document has a detailed discussion of the
channel-forming flow.  A confidence band is used in channel design, and suggests that there is no exact
solution to hydraulic geometry, longitudinal slope, and sinuosity in restored channels and that the stream will
adjust towards a new equilibrium if allowed to do so.  Channel and planform geometry are ultimately
determined from sediment transport characteristics, and equations are give for restoration design that
considers the morphological context and traditional engineering methodology.

State Government

Guidelines for Natural Stream Channel Design for Pennsylvania Waterways (KST, 2002)
http://www.keystonestreamteam.org/kst_documents.htm#NSCDGuidelines

This document offers a sound overview of natural stream channel design, including technical information on
project planning, design, and implementation.  The fundamental philosophy employed is to "work with, not
against, a stream’s natural form and function."  Rosgen’s method is recommended, where a reference reach
is used as a template for restoration.  It is suggested that an interdisciplinary team be used to cover all
aspects of the stream.  Projects must be addressed on a case-by-case basis.  Key aspects are community,
data, design, permitting, consultants, construction, and monitoring.  A nice overview of working with
stakeholders to achieve both a common view of what is to take place and acceptance amongst partners and
regulators is presented.  Each of the design methods of analog (reference reach), empirical (fundamental
data sets), and analytical (hydraulic design) are touched upon.  The key concept of bankfull dimension and
discharge is presented given its importance in the restoration design.  Permitting is covered at both the state
and federal levels, and Pennsylvania’s "phased project" approach is described to spread permitting time and
costs throughout the course of the project.  Thorough sections on how to hire a qualified consultant and how
to proceed with construction are presented.  Finally, a brief mention of monitoring is given.
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Stream Restoration: A Natural Channel Design Handbook (Doll et al., 2003)
http://www.bae.ncsu.edu/programs/extension/wqg/sri/stream_rest_guidebook/guidebook.html

A manual created in the State of North Carolina promoting the methods and techniques associated with
natural stream channel design.  The document largely draws on the Rosgen assessment methodologies
including variables measured and classification system used.  The document contains a very useful section on
options for restoring an incised stream channel, a situation frequently encountered in temperate regions with
historic channel management.  A useful presentation of regionalizing the natural channel design process is
presented throughout the document in the form of hydraulic geometry relationships, gauge data, reference
conditions, and sample projects.  Such assessment work is recommended in other states and regions where
a lot of stream restoration is likely.

Stream Restoration Technical Information

Federal Government

Stream Corridor Restoration:  Principals, Processes, and Practices (FISRWG, 1998)
http://www.nrcs.usda.gov/technical/stream_restoration/newtofc.htm

This report is an extensive manual covering stream corridor theory and analysis, hydrology and hydraulics,
geomorphic processes, chemical characteristics, biology, stability, disturbance, restoration planning, project
design and implementation, and adaptive management of restoration projects.  The interagency manual is
widely used in the United States to guide stream restoration education and the different phases of project
planning.  Although design details are beyond the scope of this document, the planning information presented
is critical to the creation of successful projects.

DRAFT Stream Restoration Design Handbook (NRCS, 2005)

This manual, which is nearing completion, is the next step after the Stream Corridor Restoration manual
referenced above.  The former Interagency Manual offers the necessary tools for project planning, while this
NRCS document offers guidance on project design.  "This handbook presents engineering and ecological
assessment and design tools that are applicable to a wide range of stream restoration work, whether it
primarily follows natural stream restoration approaches or is strictly a structural project. The focus of this
handbook is on the "how-to"."
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Hydraulic Design of Stream Restoration Projects (Copeland et al., 2001)
http://wildfish.montana.edu/manuals/Hydraulic_Design.pdf

This U.S. Army Corps of Engineers document is a manual of the hydraulic design of stream restoration
projects.  Hydrology (frequency analysis, flow duration curves, channel forming discharge, and stormwater),
stability (geomorphology and hydraulic geometry), and hydraulic design (geomorphology, hydraulic
parameters, planform, sediment, operation and maintenance, quality control, and implementation and
monitoring) are all covered in detail.  The manual offers important equations and guides the reader to the
appropriate analytical tools to perform design tasks.  Specific consideration is given to engineering design
amongst physical constraints while attempting to maintain naturally stable stream channels.

Channel Stability Assessment for Flood Control Projects (USACOE, 1994)
http://www.usace.army.mil/inet/usace-docs/eng-manuals/em1110-2-1418/entire.pdf

This is a guidance document that addresses the instability in floodways due to discharge and sediment
regime.  Traditional practices are covered (e.g., channel cleanout and enlargement) rather than natural
channel design.  However, the stability evaluation and design chapters offer useful input to natural channel
design, with reference to both hydraulic engineering design and geomorphic principals.  The document
contains some useful nomagraphs (e.g., mean flow velocity versus bed material grain size, p. 5-5) that are
useful for establishing quick design guidelines.

Channel Rehabilitation: Processes, Design, and Implementation (Watson et al., 1999)
http://chl.wes.army.mil/library/publications/ChannelRehabilitation.pdf

This Army Corps of Engineer document presents a planning process, theory on geomorphology, a
description of channel modification activities, and the fundamentals of engineering design for stream channel
rehabilitation.  Although an interdisciplinary approach is advocated, the document is mostly a comprehensive
guide on the physical engineering aspects of stream work.  The appendix covering the determination of
effective discharge, an essential but often unused variable due to challenging determination, is very useful for
the initial assessment and phases of design.

Stream Channel Reference Sites: An Illustrated Guide to Field Technique (Harrelson et al., 1994)
http://216.48.37.142/pubs/20753

This document constitutes a ‘compact field manual’ that is used to identify and investigate reference reaches
to use as templates for stream restoration.  It contains an entry-level review of survey, site observation,
hydrology, hydraulics, sediment transport, and quality control information necessary to describe reference
reaches.  It is a useful primer on field measurement techniques and should be carried in the field for those
just getting started with stream investigations.
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State Government

Generic Quality Assurance Project Plan for Stream Morphology Data Collection (Sweeney and
Simpson, 2003)
http://www.des.state.nh.us/WMB/Was/QAPP/

This document contains a generic QA Project Plan (QAPP) for grant projects funded through the New
Hampshire Department of Environmental Services using EPA Clean Water Act section 319 funds that
involve stream morphology data collection.  The document offers a template for the steps in typical stream
restoration projects, including problem identification, project tasks, minimum standards, documentation,
useful existing data, field measurement methods, and reporting.

Stream Habitat Restoration Guidelines (Saldi-Caromile et al., 2004)
http://wdfw.wa.gov/hab/ahg/shrg/index.htm

This State of Washington document offers a comprehensive overview of stream processes, and stands out
as one which clearly discusses the dynamic nature of streams that include disturbance regimes and recovery
cycles.  A key part of creating diverse habitat that can support a broad range of organisms is flow diversity.
Connectivity in the longitudinal, lateral, and vertical dimensions is also essential and often overlooked during
rehabilitation.  This manual is process-focused and thus sets a good foundation for creating sound
restoration plans.  The assessment chapter mentions all the relevant scales (watershed – site) and even
addresses the fact that the term watershed can encompass many scales based on who is using the term.
Some examples of watershed assessments used in WA are given.  The extensive chapter on developing a
restoration strategy links fundamental river processes to enhancement, rehabilitation, and restoration
planning.  A concise presentation of the differentiation between each of these distinct terms is presented, as
is a recommended set of goals and objectives for each.  Emphasis is always given to passive restoration and
the goal of restoring both form and process at all relevant scales.  The implementation stage of restoration
includes identifying stakeholders, project constraints, goals and objectives, design criteria to meet goals,
necessary data, and risk.  Only then are the final design, plans, and technique drawings created, and the
project implemented.  Finally, effectiveness monitoring is a necessary part of the project.  Detailed review of
popular rehabilitation practices are given and include a description, anticipated effects, application notes,
comments on risk, design methods, permitting, construction considerations, cost estimate, monitoring plan,
and examples.  In the channel modification sub-section, the three design camps: 1. analog (reference reach),
2. empirical (universal data sets), and 3. analytical (engineering design) are mentioned.  A combination of
these offers a good check on design.  A list of twelve variables that may be used in channel modification
design are presented as an iterative process to create the right size channel to move sediment and water in
equilibrium.  Of most interest here is the inclusion of designing for channel migration and sediment transport
along a rehabilitated reach.  Monitoring is addressed, and a plan should be established to ensure that
outcomes are definitively known.  The review of streambank stabilization is mostly left for the WA Integrated
Streambank Protection Guidelines.  Theory on important aspects of aquatic ecosystem (e.g., fluvial
geomorphology and sediment transport) is presented in the appendices.
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California Salmonid Stream Habitat Restoration Manual (Flosi et al., 2002)
http://www.dfg.ca.gov/nafwb/manual.html

This manual covers assessment, habitat restoration, and other pertinent information with a focus on
restoration of salmon and steelhead.  Watershed and habitat assessment are covered, with a comprehensive
naming system on 24 habitat types with schematics describing each.  This convention seems to be a useful
way to identify habitat with regards to its fisheries potential.  A study indicated that a 10% random sample
still generates accurate estimations of what is present over a reach.  The project implementation part of the
manual has a good library on instream habitat enhancement methods.  The part on fish passage at stream
crossings presents a useful way to identify good and bad fish passage sites, and label question able sites for
further hydraulic analysis using FishXing.  Data tables of helpful inputs on fish behavior are supplied.  A part
on upslope assessment and restoration is currently under revision.  The final part of the manual discusses the
importance of riparian habitats and their restoration.  A library of plantings for California is presented.  The
Appendices offer useful supplemental information and a completed habitat assessment report is presented as
a guide to using the protocols discussed in the manual.

Maryland’s Waterway Construction Guidelines (MDE, 2000)
http://www.mde.state.md.us/Programs/WaterPrograms/Wetlands_Waterways/documents_information/
guide.asp

This technical guidance document presents design details of common traditional and bioengineering practices
employed in the alteration and restoration of streams.  A brief introduction presents the fundamentals of
design velocity (Manning’s) and shear stress, yet little design process information is given.  For each
practice, a description, effective uses and limitations, material specifications, installations guidelines, and a
detailed sketch are presented.

Vermont Stream Geomorphic Assessment Protocol Handbooks: Remote Sensing and Field Surveys
Techniques for Conducting Watershed and Reach Level Assessments (VTANR, 2004)
http://www.anr.state.vt.us/dec/waterq/rivers/htm/rv_geoassesspro.htm

These handbooks consist of a comprehensive three phase physical assessment of streams.  Phase 1 is a
watershed level information gathering protocol where maps and windshield surveys are used to collect data.
Phase 2 consists of a rapid field assessment where key variables are measured along selected reaches to get
a more detailed understanding of stream geomorphology.  Finally, phase 3 is a survey level field component
where precise data are collected.  The State of Vermont maintains a database management system for entry
of standardized data to offer publicly available information on stream condition when watershed planning
and management activities are taking place.  Although these protocols are not directly used for design and
implementation of restoration activities, the data generated using these protocols are useful for stream
restoration design and would certainly enhance the chances of implementation of successful projects.
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Adaptive Management of Stream Corridors in Ontario and Natural Hazards Technical Manual
(OMNR, 2001)
http://www.trentu.ca/wsc/pub_adaptiveman.shtml

This CD-ROM created by the Ontario Ministry of Natural Resources, and the result of a large collaborative
effort amongst regulators, practitioners, and academics, is an interdisciplinary guide to stream management.
It is rooted in geomorphology, engineering and ecology, and thus offers important information on natural
channel design, including an adaptive management methodology.  In attempting to develop a comprehensive
design concept, this document is based on the theory of protecting what is healthy and rehabilitating what is
not.  A nice comparison of the differences between natural systems and non-natural designs is presented.  In
the first version of this document, OMNR stated goals of natural channels to be physically stable,
biologically self-sustaining, and overall self regulating.  This document does a good job early on
distinguishing between the management options of restoration, rehabilitation, enhancement, and protection,
which are often confused.  A clear picture showing the physical jurisdiction of regulatory agencies and
needed permits clearly illustrates the potential permitting process in stream restoration.  The section on the
effects of land use on streams offers some nice overviews of potential impacts associated with European
settlement and present day watershed activities.  An informative review of stream processes, form, and
function is presented with several nice data tables for easy reference.  The planning and design process is
laid out well in a qualitative manner, however the one change I would consider is to formulate the monitoring
plan prior early in the design phase after the initial assessment so it is in place before project implementation.
An extensive bibliography is presented in the appendices covering up to 1999.

Non-profit

Urban Subwatershed Restoration Manual No. 1: An Integrated Framework to Restore Small Urban
Watersheds (Schueler, 2004)

This manual constitutes the first of a series of eleven presently being produced by the Center for Watershed
Protection addressing a variety of aspects in the restoration of small urban watersheds.  The manuals cover
an integrated restoration framework (1), restoration planning (2), stormwater retrofits (3), stream repair
practices (4), riparian management (5), discharge prevention (6), pervious area management (7), pollution
source control (8), municipal practices (9), the Unified Stream Assessment (10), and the Unified
Subwatershed and Site Reconnaissance (11).  Presently, manuals 1, 2, 4, 8, 10, and 11 are available.
Although these manuals focus on urban stream restoration, the principals and practices set forth in each may
also pertain to other land use settings.  The content of these manuals has been used to develop many
community-based restoration plans and projects.
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Roadways and River Corridors

Federal Government

River Engineering for Highway Encroachments: Highways in the River Environment (Richardson et
al., 2001)
http://isddc.dot.gov/OLPFiles/FHWA/010589.pdf

This manual is the authoritative document on hydraulics around highways, bridges, and other roadway
infrastructure.  Theory on river processes is presented so that an understanding in order to offset lateral
bank erosion and streambed changes is obtained.  In depth theory on open channel flow, alluvial channels,
sediment transport, river morphology, bed and bank stabilization, and bridge scour are given.  Application
features such as data needs to design crossings design examples are given.  Although this manual is quite
advanced in technical content, many nomagraphs are presented to guide users through design phases.

Design Charts for Open Channel Flow (FHWA, 1961)
http://www.fhwa.dot.gov/engineering/hydraulics/pubs/hds3.pdf

"This publication contains charts which provide direct solution of the Manning equation for uniform flow in
open prismatic channels of various cross sections; instructions for using the charts; a table of recommended
values of n in the Manning equation, and tables of permissible velocities in earth and vegetated channels;
instructions for constructing charts similar to those presented; and a nomograph for use in the solution of the
Manning equation."

Hydraulic Design of Highway Culverts (Normann et al., 1985)
http://isddc.dot.gov/OLPFiles/FHWA/009342.pdf

This document offers detailed information for the design of new culverts and improving existing ones.  Based
on principals of hydrology and hydraulics, this manual is useful for assisting river rehabilitation projects
where road crossings are present.

Drainage of Highway Pavements (Johnson and Chang, 1984)
http://www.fhwa.dot.gov/engineering/hydraulics/pubs/hec/hec12.pdf

"This edition of Hydraulic Engineering Circular No. 12 incorporates new design charts and procedures
developed from laboratory tests of interception capacities and efficiencies of highway pavement drainage
inlets.  The text includes discussion of the effects of roadway geometry on pavement drainage; the
philosophy of design frequency and design spread selection; storm runoff estimating methods; flow in
gutters; pavement drainage inlets, factors affecting capacity and efficiency, and comparisons of interception
capacity; median inlets; embankment inlets; and bridge deck inlets.  Five appendixes are included with
discussion of the development of rainfall intensity-duration-frequency curves and equations, mean velocity in
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a reach of triangular channel with unsteady flow, the development of gutter capacity curves for compound
and parabolic roadway sections, and the development of design charts for grates of specific size and bar
configuration."

Design of Roadside Channels with Flexible Linings (Kilgore and Cotton, 2005)
http://www.fhwa.dot.gov/engineering/hydraulics/pubs/05114/05114.pdf

This manual contains design procedures for four major categories of flexible lining: vegetative linings;
manufactured linings; riprap, cobble, gravel linings; and gabion mattress linings.  Design procedures for
composite linings, bends, and steep slopes are also provided.  The design procedures are based on the
concept of maximum permissible tractive force. Methods for determination of hydraulic resistance applied
shear stress as well as permissible shear stress for individual linings and lining types are presented.

Hydraulic Design of Energy Dissipaters for Culverts and Channels (FHWA, 1983)
http://isddc.dot.gov/OLPFiles/FHWA/010492.pdf

This manual offers background and design guidance for dissipating energy at culverts and in open channels.
The first five chapters provide theory and background to utilize the design criteria and guidance in chapters
six through eleven.  Topics such as hydraulic jumps, drop structures, and riprap are covered.

Evaluating Scour at Bridges (Richardson and Davis, 1995)
http://www.fhwa.dot.gov/bridge/hec18SI.pdf

This document "presents the state of knowledge and practice for the design, evaluation, and inspection of
bridges for scour."  It covers theory and evaluation of bridge scour, and creates an understanding of
susceptibility to undermining and instability.

Bridge Scour and Stream Instability Countermeasure (Lagasse et al., 1997)
http://www.fhwa.dot.gov/bridge/hec23.pdf

"This document provides guidelines for the selection and design of appropriate countermeasures to mitigate
potential damage to bridges and other highway components at stream crossings.  A countermeasure matrix
is presented as an aid to identify most types of countermeasures which have been used by State highway
agencies for bridge scour and stream instability problems.  The matrix supports the selection of appropriate
countermeasures considering such characteristics as the functional application, suitable river environment,
and estimated allocation of maintenance resources.  In addition, SHAs with installation experience and
design guideline references are included for each type of countermeasure.  Design guidelines for the
following seven countermeasures are provided based on information obtained from SHAs: bendway weirs/
stream barbs, soil cement, wire enclosed riprap, articulated concrete block systems, articulating grout filled
mattresses, Toskanes, and grout filled bags.  Design Guideline 8 presents guidance for pier and abutment
riprap protection from Hydraulic Engineering Circular 18."
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Stream Stability at Highway Structures (Lagasse et al., 1991)
http://www.fhwa.dot.gov/bridge/hec20.pdf

"This document provides guidelines for identifying stream instability problems at highway stream crossings
for the selection and design of appropriate countermeasures to mitigate potential damages to bridges and
other highway components at stream crossings.  The HEC-20 manual covers geomorphic and hydraulic
factors that affect stream stability and provide a step-by-step analysis procedure for evaluating stream
stability problems.  Guidelines and criteria for selecting countermeasures for stream stability problems are
summarized, and the design of three countermeasures spurs, guide banks, and check dams) is presented in
detail.  Conceptual design considerations for many other countermeasures are summarized."

State Government

Fish Habitat Manual: Guidelines and Procedures for Watercourse Crossings in Alberta (TRANS,
2001)
http://www.trans.gov.ab.ca/Content/doctype123/production/fishhabitatmanual.htm

This guidance document for the province of Alberta Canada informs project designers of the regulatory
process for making changes to streams, as well as guides both government and non-government workers in
the process of design and application of stream alteration.  The introduction offers a nice layout of project
type and permitting requirements, and supplies a roadmap for project design.  Each of the chapters contains
background information, for example Chapter 8 contains the fundamentals of geomorphic channel design.  A
good definition of a stable channel is presented – "a stable channel is one that has neither a net deposition
nor net erosion of channel substrate in the long term."  Rosgen’s methods are described, yet some interesting
other design criteria of channels are given.  Where possible, the active channel should convey only up to the
2-yr storm while larger events fill the floodplain to maintain connectivity.  Low flow is addressed, where
depths of 0.2 m are called for throughout a stream for 7Q2 (‘habitat maintenance flow’), in critical reaches
for 7Q10 (‘local extinction flow’), and in over-wintering pools for 7Q20 (‘system extinction flow’).  This is
a useful presentation of low flow bottlenecks that are often a part of some aspect of stream restoration.  A
simple listing of 9 design steps is give:  define design objectives, define existing conditions, define expected
natural regime, identify inconsistencies, design parameters for unconstrained site, identify constraints, identify
tradeoffs, develop final design, and evaluate the design.  This procedure is nicely laid out as it mentions the
intuition often used by practitioners while rapidly sifting through project design.  Other chapters of this
manual are quite useful as well, and the appendices contain detailed specification sheets on rehabilitation
practices.  Each description includes applicability, advantages, limitations, design and implementation,
maintenance, and further readings.

Massachusetts River and Stream Crossing Standards:  Technical Guidelines (MARSCP, 2006)
http://www.streamcontinuity.org/pdf_files/MA_Crossing_Stds_3-1-06.pdf

This document develops performance standards for culverts and other stream crossing structures for the
Commonwealth of Massachusetts.  The guidelines were created based on review of existing methods and
data of road crossings in rivers.  The guidelines seek to meet the goals of fish and aquatic organism passage,
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river continuity, and wildlife passage.  A "stream simulation" approach is used where ecosystems, rather than
individual species, are target for design and restoration efforts.

Maine Fish Passage Policy & Design Guide (MEDOT, 2004)
http://mainegov-images.informe.org/mdot/interagency-meetings/iameet/april2004/documents/
Fish_Passage_Policy_2004_Draft.pdf

This document develops a policy and design process for fish passage for the State of Maine.  Both bridges
and culverts are addressed, and a goal of both resource protection and effective highway management at
water crossings exists throughout the document.  Goals of river crossings include replicating natural flows,
passing large floods, and protecting life cycle functions in an economical way.

Monitoring

Federal Government

DRAFT Stream Restoration Design Handbook (NRCS, 2005)

Chapter 16 of this draft manual presents an approach to project monitoring that is framed in the adaptive
management process.  Recommendations for monitoring variables, methods, and response for popular
practices are given.  Of the little material available on monitoring, this manual offers a relatively large portion
of information useful for application.

Stream Corridor Restoration:  Principals, Processes, and Practices (FISRWG, 1998)
http://www.nrcs.usda.gov/technical/stream_restoration/newtofc.htm

Chapter 6 of this manual offers guidance on monitoring and evaluating project effectiveness.  A discussion of
monitoring objectives is given, rather than specific methods.

State Government

Guidelines for Natural Stream Channel Design for Pennsylvania Waterways (KST, 2002)
http://www.keystonestreamteam.org/kst_documents.htm#NSCDGuidelines

Chapter 9 of this manual offers a short monitoring recommendation for pre- and post- monitoring associated
with channel creation.  A recommendation is given to "Define monitoring parameters to match your
objectives and make sure your objectives are both achievable and measureable."
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Stream Restoration: A Natural Channel Design Handbook (Doll et al., 2003)
http://www.bae.ncsu.edu/programs/extension/wqg/sri/stream_rest_guidebook/guidebook.html

Chapter 12 of this manual offers a brief introduction to effectiveness monitoring and project evaluation.
Several physical parameters such as grain size and channel shape and water temperature are recommended
for monitoring.

Stream Habitat Restoration Guidelines (Saldi-Caromile et al., 2004)
http://wdfw.wa.gov/hab/ahg/shrg/index.htm

Technical Appendix 29 offers guidance on establishing a monitoring plan for evaluating aquatic habitat.  This
information can be applied to restoration effectiveness determination.  The document also contains a
discussion on variables to monitor for a given project goal, as well as how to respond and facilitate the
adaptive management process based on gathered data.

California Salmonid Stream Habitat Restoration Manual (Flosi et al., 2002)
http://www.dfg.ca.gov/nafwb/manual.html

Part eight of this manual covers evaluation and monitoring.  Topics covered include pre-project monitoring,
monitoring upon project implementation, and evaluation of fish habitat enhancement structures.

Stream Restoration Qualitative Reports and Policy Papers

Federal Government

Principals for the Ecological Restoration of Aquatic Resources (USEPA, 2000)
http://www.epa.gov/owow/wetlands/restore/principles.html#4

List of guiding principals formulated by the Watershed Ecology Team of the Office of Wetlands, Oceans,
and Watersheds of the U.S. EPA that have been found to be essential to the success of aquatic restoration
projects.  The principals are:  Preserve and protect aquatic resources; restore ecological integrity; restore
natural structure; restore natural function; work within the watershed/landscape context; understand the
potential of the watershed; address ongoing causes of degradation; develop clear, achievable and
measurable goals; focus on feasibility; use reference sites; anticipate future changes; involve a multi-
disciplinary team; design for self-sustainability; use passive restoration, when appropriate; restore native
species, avoid non-native species; use natural fixes and bioengineering; and monitor and adapt where
changes are necessary.
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Guidelines for Instream Habitat Restoration Projects (USFWS, 2000)
http://www.r6.fws.gov/pfw/PDFiles/instream.pdf

This document is a Region 6 U.S. Fish and Wildlife Service (USFWS) guidance document that endorses the
use of Leopold’s "bankfull discharge concept" during instream habitat projects.  Specifically, a
recommendation is made to only use bank hardening techniques at or below bankfull depth and have
projects screened by a Rosgen-trained (i.e., Wildland Hydrology) morphologist.  A naturally table channel is
the most important design goal of all instream restoration.

Policy on Streambank Stabilization Projects (USFWS, 2001)
http://www.r6.fws.gov/pfw/PDFiles/bankersos10threv.pdf

A Region 6 U.S. Fish and Wildlife Service (USFWS) guidance document endorsing concepts of naturally
stable channels when reviewing or designing bank stabilization projects.  The document advocates the
Rosgen classification system to promote consistent reporting of steam types and condition.  The emphasis
here is the Mountain-Prairie Region of USFWS.  The importance of riparian habitat is discussed, as well as
allowing continual tree recruitment of riparian species.  A suggestion is made that hard materials are not used
on streambanks unless they are rapidly eroding (i.e., several lateral feet every year).  Guidance for this
document was also obtained from Stream Corridor Restoration:  Principals, Processes, and Practices
(FISRWG, 1998).

State Government

Oregon Aquatic Habitat: Restoration and Enhancement Guide (OPSW, 1999)
http://wildfish.montana.edu/manuals/habguide99-complete.pdf

A guide to restoration and enhancement in Oregon that gives qualitative details of each activity used to
improve stream condition.  Each practice has a description, regulatory requirements, guidance and
considerations, and agencies offering technical assistance.  The permitting component both in the practical
descriptions and particularly in the section on state and federal agencies is quite useful for planning
restoration activities.

Internal Technical Guidelines for Stream Restoration (NCDENR, 2001)
http://h2o.enr.state.nc.us/ncwetlands/streamgd.doc

This document guides staff of the North Carolina Department of Environment and Natural Resources on
stream restoration.  The guide is largely qualitative, yet contains several very useful components to design
and review of projects.  First, a flow chart of potential federal and state permits (p. 5) guides the project
team and reviewer through the permitting process.  Also, a stream work check list (p. 29) for project
designers helps increase the odds of both addressing all of the needs of the regulatory community and
producing a successful project.
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Restoration of Urban Streams (Kelly, 2001)
http://www.state.nj.us/dep/watershedmgt/DOCS/Restoration%20of%20Urban%20Streams.pdf

This short document used by the State of New Jersey consists of a qualitative overview document of urban
stream restoration issues.  Table 3 is useful as it presents NRCS cost estimates (per unit length or area) of
common stream rehabilitation practices used in stream restoration programs.

Erosion and Sediment Controls for Riparian Areas (STOPPP, 2000)
http://www.flowstobay.org/pdfs/bmp/Construction%20Series/streambroch.pdf

This (draft) pamphlet offers information on erosion and sediment controls for riparian areas to be used in
San Mateo County, California.  The goal is to inform streamside land owners of best management practices.
Such a pamphlet on one sheet could be useful to offer brief guidance to citizens and links to regulatory
agencies that perform and guide stream restoration.




